The Economics of Hatchery Produced Algae and Bivalve Seed by Myers, Julia A. & Boisvert, Richard N.
May 1988 A.E.Res. 88-
THE ECONOMICS 
OF HATCHERY PRODUCED 
ALGAE AND BIVALVE SEED
by
Julia A. Myers 
and
Richard N. Boisvert
Department of Agricultural Economics 
Cornell University Agricultural Experiment Station 
New York State College of Agriculture and Life Sciences 
A Statutory College of the State University 
Cornell University, Ithaca, New York 14853-7801
It is the policy of Cornell University actively to support equality 
of educational and employment opportunity. No person shall be 
denied admission to any educational program or activity or be 
denied employment on the basis of any legally prohibited dis­
crimination involving, but not limited to, such factors as race, 
color, creed, religion, national or ethnic origin, sex, age or 
handicap. The University is committed to the maintenance of 
affirmative action programs which will assure the continuation 
of such equality of opportunity.
THE ECONOMICS OF HATCHERY PRODUCED ALGAE AND BIVALVE SEED
by
Julia A. Myers and Richard N. Boisvert
ABSTRACT
The bivalve aquacultural industry in the northeastern United States has been strengthened by 
declining and fluctuating natural harvests in the surrounding coastal region. Hatcheries in which 
the bivalves are grown to a small seed size have gained acceptance as a link in the aquacultural 
process. These firms are potentially able to provide a consistent, reliable source of seed to the bi­
valve aquaculturist.
This research contributes to an understanding of the hatchery industry by examining factors 
that influence production costs. The research is based on observations of a working hatchery lo­
cated in the northeast and on current literature. The data were used to develop the framework for 
a computer program that can estimate variable production costs. This program required the de­
velopment of an algorithm that simulates the production process. The model sums costs at different 
stages of animal growth, which are further broken down into smaller units of time.
There was sufficient information available from the literature and hatchery observations to 
simulate the overall production system, but expenditure records did not separate costs between 
stages or between hatchery and open-water field operations. The empirical analysis focuses on es­
timating costs of algae production, because data on this process were more readily isolated from the 
rest of the hatchery and because feeding costs are recognized as a large proportion of total costs.
The FORTRAN computer program based on the model focuses on the cost of producing al­
gae feed, but as more details become available about other hatchery production processes it would 
be a simple matter to incorporate them into the existing FORTRAN code. The computer program 
combines estimates of the cost of algae production with survival and growth rates and feeding e ffi­
ciencies to determine the costs of feeding a batch of bivalves to various sizes.
The model is applied to raising Atlantic Oyster seed. Twelve initial simulations were made, 
assuming different values for important parameters. To explore the implications of these feed cost 
simulations for the marketing of bivalve seed, some rough estimates of total costs of production per 
bivalve were developed on the basis of others’ estimates of the proportion that feed costs are of to­
tal costs. Under the most optimistic assumptions, bivalve seed can be produced and marketed prof­
itably. These conclusions must be qualified by the fact that sufficient data were not available from 
the hatchery under study to estimate all components of total cost. Collection of these types of data 
would help in further testing of the algorithm as well as contributing to an overall understanding of 
hatchery costs at each stage of production. Equally important from a research perspective is the 
need for better data on hatchery survival rates and the size-age and feeding rates.
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THE ECONOMICS OF HATCHERY PRODUCED ALGAE AND BIVALVE SEED
I  -  I N T R O D U C T I O N *
Over the past 25 years, bivalve aqua­
culture in the northeastern United States has 
become a reliable supplier of marketable oys­
ters and clams. However, to initiate produc­
tion, the industry requires adequate supplies 
of bivalve seed. Seed can be supplied from 
either natural sets or artificial spawning in a 
hatchery.
A  hatchery operator’s ability to pro­
duce and market seed as an efficient al­
ternative to naturally-spawned seed requires 
accurate information about the market, the 
production process and production costs. As 
with most managers in a new, rapidly devel­
oping industry, hatchery operators have d if­
ficulty assembling adequate information to 
make effective investment and production 
decisions.
The research reported here contributes 
to an understanding of the economics of arti­
ficially spawned bivalve seed by: a) describ­
ing the hatchery industry’s development and 
its production processes and b) formulating a 
model, associated algorithms and computer 
code by which operators may calculate 
variable production costs.
Much of the information about pro­
duction processes, input requirements and
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prices was obtained in 1983 from one hatch­
ery on the northeast coast. That being its 
first full year of operation, the firm’s record 
keeping system was new and not well enough 
developed to facilitate accurate measurement 
of the quantities of inputs used at every stage 
of a bivalve seed’s development. However, 
feed contributes importantly to the total 
variable cost of bivalve seed (Im et al. 1976; 
Gates et al. 1974 and Bolton 1982). Data on 
algae production were quite good. Thus, the 
algorithms that calculate algae production and 
feeding cost are developed in detail. The al­
gorithms can also be used to examine the 
sensitivity of results with respect to different 
assumptions about survival rates, growth rates 
and feeding efficiency.
The remainder of the bulletin begins, 
in Section II ,  by placing the hatchery industry 
within the context of the historical decline in 
the natural bivalve harvest. Various aspects 
of the hatchery industry affecting the firm 
and its costs, such as the industry’s infor­
mation network, the issue of property rights 
and market structure are also discussed. Sec­
tion I I I  describes the production processes 
using one hatchery as an illustration. This 
section also outlines choices that affect 
quality, quantity and timing of inputs and 
outputs and contains a general discussion of 
production costs. Section I V  describes al­
gorithms that simulate the cost of production 
for each of the system’s components. Section 
V  presents the empirical application of the 
program to the American Atlantic Oyster, 
including tests using data obtained from the 
hatchery and sensitivity analyses for the 
program’s important variables. Preliminary 
estimates of total production costs per bivalve 
are compared with bivalve seed prices to de­
termine at what age (size) the bivalve seed 
should be sold. Section V I  summarizes the 
major findings and their implications for a 
hatchery’s production.
2I I  - F O R M A T I O N  O F  T H E  H A T C H E R Y
I N D U S T R Y
In the northeastern United States, the 
long-standing clam and oyster fishing indus­
try has given rise to the development of the 
bivalve hatchery industry. Over harvests and 
increased urbanization, with the consequent 
decline in the once-abundant natural bivalve 
population, have forced harvesters to look for 
alternatives. Among these alternatives are 
government regulation and incentives, but 
perhaps the most important alternative is the 
aquacultural industry, which is replacing tra­
ditional methods of harvest. Recently, 
hatcheries producing bivalves to seed size only 
have emerged as an alternative to natural bi­
valve spawnings and also as a link in the 
aquacultural production of marketable bi­
valves.
Background
Clams and oysters are harvested in all 
14 states along the Atlantic Seaboard (U.S. 
Dept, of Commerce 1979). The most common 
oyster is the American Atlantic Oyster 
(Crassostrea virginica). Four species of clam- 
-hard, soft, surf, and ocean quahog— consti­
tute 99% of total U.S. landings by weight. 
The northern hard shell clam (M ercenaria  
m ercenaria) accounts for 53% of the landings, 
although it constitutes only 17% of their value 
(Dressel and Fitzgibbon 1978).
Long Island, New England, and the 
Chesapeake Bay have historically been centers 
of clam and oyster fisheries (Ritchie 1977; 
Manzi et al. 1982b). Long Island Sound (the 
waters between Long Island and Connecticut), 
and Great South Bay, (the waters between 
Long Island and Fire Island), are the most 
productive of the New York areas (Figure 1). 
The seabeds there are hard, shallow and scat­
tered with culch material to which the young 
animals attach (Korringa 1976). Additionally, 
the strong tidal currents carry abundant food 
into the bay (Bardach et al. 1972) and the bi­
valves are protected from many predators 
because the salinity is lower than in the 
surrounding ocean water.
Bivalves, especially oysters, have been 
an important food source for the New York
Bight coastal region. Oysters were used by 
Native Americans for food and trade and 
later by the colonialists (Terry 1977). Clams 
were fewer in number than oysters, but by 
the 1900’s the rise of the cannery industry 
encouraged the growth of the clamming in­
dustry (Dressel and Fitzgibbon 1978).
The rise in clam production was in­
terrupted after red meat shortages of the 
1940’s put increased pressure on the shellfish 
industry. Landings in the New York Marine 
District decreased from 6.8 million to 3.3 mil­
lion pounds between 1943 and 1945 (Figure 
2). Although landings later increased, the in­
dustry continued a pattern of boom and bust. 
In 1976 Long Island harvests reached a peak 
of 8.4 million pounds, worth about $16.8 mil­
lion (Freedman and Morris 1983). Great 
South Bay was considered the most important 
hard-shell clam industry in the world. It har­
vested 80% of Long Island’s total landings, 
which represented 50% of the U.S. total (U.S. 
Dept, of Commerce 1974). Since then, the 
Long Island clam harvest has declined; by 
1982, harvests were down by 60% from 1976 
levels (Figure 3).
After a peak in 1904, oyster harvests 
in New York remained fairly stable between 
1921 and 1952 but experienced a near-col­
lapse in the 1960’s (Figure 2). Revival of the 
industry through aquaculture has increased 
landings. Today, oyster production in the 
New York region is based entirely on aqua­
culture (Terry 1977).
Population D ynam ics
To understand the dramatic changes in 
the Long Island clam and oyster industries, 
one must examine the interaction among com­
peting factors that determine the cyclic pat­
tern of bivalve populations. Although popu­
lation fluctuations occur naturally, they have 
been exaggerated through over harvest and 
destruction of natural habitat.
An inherent problem of common 
property fisheries is overuse (Hardin 1968), 
which leaves too few animals unharvested for 
the species to repopulate. This problem is 
acute around Long Island because bivalves in
3FIGURE 1. MAP OF LONG ISLAND COASTAL REGION
N ew  Jersey
S ource: Terr}' (1977)
the cool waters require a long maturation 
period and because a large proportion of the 
population must be left unharvested in order 
to sustain the population. Thus, one major 
reason for the periodic decline of the clam 
and oyster populations is the likelihood that 
harvests will occasionally exceed the maxi­
mum sustainable yield.
Competition with man has decreased 
the natural habitat of clams and oysters and 
adversely affected bivalve populations. As 
urbanization and shoreline use in the New 
York area intensified, natural spawning 
grounds were reduced. Siltation, which is 
particularly harmful to young spat, increased; 
and saltwater intrusion caused by the removal 
of sandbars decreased protection against nat­
ural predators (Freedman and Morris 1983). 
Because toxins accumulate in the flesh of 
oysters and clams, the increased sewage e f­
fluent and agricultural runoff in the area have
increased mortality rates as well as decreased 
the marketability of the bivalve. The actual 
numbers of oysters and clams available for 
harvest have been reduced further through 
the closure of contaminated natural spawning 
beds (Figure 1).
D em and Considerations
While many factors affecting the bi­
valve population dynamics have resulted in a 
reduction in their supply, the industry has 
also been affected by demand considerations. 
For example, although the income elasticity of 
demand for clams is positive, it is relatively 
low, giving rise to only a slow growth in de­
mand for clams over time due to rising per- 
capita income and increasing human popula­
tion (Gates et al. 1974). The income elasticity 
of demand for oysters is positive as well, but 
per capita consumption has actually decreased
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5(Im and Langmo 1977). This decrease might 
have been caused by either the decrease in 
supply (Gates et al. 1974) and the associated 
rise in price, or by a change in consumers’ 
tastes due to the fear of eating contaminated 
animals.
Alternatives
These problems have led to a disap­
pearance of, or change in, the traditional 
shellfish industry. The scarcity of the hard 
clam has caused a shift to other species, such 
as surf clams (Dressel and Fitzgibbon 1978). 
Production has shifted southward to less-pop­
ulated regions where competition for habitat 
is not so keen (Manzi et al. 1982a). Also, 
oyster imports have increased (Im and 
Langmo 1977).
Options to halt the gradual disap­
pearance of the existing bivalve industry do 
exist. One option is a comprehensive gov­
ernment management plan to stop the de­
crease in, or even increase, the natural bivalve 
populations. Aquacultural production of mar­
ketable bivalves and hatchery production of 
bivalve seed are also viable alternatives, but 
they both require radical change in traditional 
harvesting techniques.
Regulation
Because most clam and oyster beds are 
common-property resources, they have suf­
fered, as most common-property resources 
have, from over-use and abuse. Although 
size, time and method of catch are regulated, 
no consistent policy for predator control or 
return of culch material to the beds has been 
in force (Matthiessen 1970). Furthermore, 
these regulations have often been ineffective 
because of inadequate knowledge, failure to 
enforce existing laws, lack of cooperation and 
an absence of comprehensive planning.
The Regional Marine Resources 
Council’s Shellfish Committee, created in the 
1970’s, partially filled the void by identifying 
18 guidelines for improving the industry 
(Regional Marine Resources Council 1974). A 
Long Island clam union exists to aid members 
of the industry. On the consumer side, iden­
tification of potentially harmful pathogens, 
public health inspections and enforcement of 
closed beds will help maintain consumer 
confidence and increase demand.
To protect the industry, some Long 
Island governments have purchased young 
shellfish seed in order to seed public grounds 
(Smith 1982-83; Goldstein 1983). The popu­
lation could also be increased by controlling 
predators, working the bottom for better 
spawning success, transferring animals to 
non-polluted grounds and controlling pollu­
tion, saltwater intrusion and siltation of habi­
tat.
Unfortunately, implementation of such 
non-traditional resource policies is politically 
arduous and requires placation of special- 
interest groups and cooperation among af­
fected parties. These measures are often ex­
pensive to establish and to enforce. The 
overall benefits to society from an increased 
bivalve population and the resulting 
strengthened harvesting industry must be 
measured against the costs of implementing 
any resource-regulating mechanisms.
Aquaculture
Aquaculture, the growing of organisms 
in water under controlled conditions, offers 
an alternative to traditional bivalve harvesting 
techniques. The primary benefits of con­
trolling the environment are increased product 
supplies, although factors adversely affecting 
quality, such as predators, crowding and para­
sites, may be reduced.
The viability of an aquaculture in­
dustry may depend on the granting of exclu­
sive rights to harvest or to develop a section 
of the ocean bottom aquaculturally. Marine 
resources have traditionally been common 
property (Terry 1977), but sedentary marine 
life on the bottom may be considered private 
property, although this right is difficult to 
substantiate (Hanson 1974; Terry 1977).
The states around the New York Bight 
area and towns on Long Island have a history 
of granting bottom leases to private individu­
als (Kochiss 1974; Terry 1977; Gates et al. 
1974). In New York, the Department of En­
6vironmental Conservation grants leases on the 
condition that the water quality is good and 
that no naturally-productive shellfish beds 
exist (Terry 1977). Great South Bay is held 
in trust by local townships; harvesters have 
full bottom rights to certain areas.
In general, economists support private 
ownership to increase efficiency and produc­
tivity (Agnello and Donnelley 1976; Terry 
1977). Private beds experience five to ten 
times greater productivity (Dressel and 
Fitzgibbon 1978), probably because private 
harvesters can use less labor-intensive meth­
ods than can the public harvesters, who are 
required by the government to use inefficient 
harvesting techniques to control harvest quan­
tity. Furthermore, without the assurance of 
exclusive rights to a harvest, there is no 
incentive for private harvesters to return 
culch, to control predators, to establish seed 
beds or to purchase seed to supplement the 
natural sets.
As stated above, the viability of the 
industry is demonstrated by the fact that all 
oysters on Long Island are currently produced 
by aquaculture (Terry 1977; Pillay 1976), and 
all oyster aquaculturists produce some hard 
clams (Korringa 1976). However, there has 
been increasing opposition led by local har­
vesters to the leasing of marine bottom, even 
of non-productive beds. Few leases have 
been granted recently (Terry 1977), and if 
these beds continue to remain in public con­
trol and open to all harvesters, the community 
must either exert better management controls 
or expect diminishing supply. On the other 
hand, private ownership might lead to an in­
crease of marketable species but a decrease or 
disappearance of other naturally-occurring 
species.
Hatcheries
Potential advantages to hatchery-pro­
duced seed include greater reliability of pro­
duction and better quality control. The de­
velopment of the hatchery industry (which 
grows clam and other larvae into bottom­
dwelling seed large enough to be planted in 
open waters for later cultivation or harvest­
ing) has come in response to natural repro­
duction failure in open water (Loosanoff and 
Davis 1963a; Henderson 1978). Hatcheries 
can potentially achieve better quality control, 
decreased mortality and faster growth 
(Bardach et al. 1972; Donohue et al. 1981), 
thus offering aquaculturists a reliable source 
of bivalve seed. Furthermore, local govern­
ments can supplement declining natural 
spawns with hatchery-produced seed, a prac­
tice local harvesters generally favor as an al­
ternative to direct governmental support of 
open-water growout in areas where a few 
individuals can affect the local bivalve market 
(Miller 1977; Rhodes 1974).
Worldwide demand for oyster and 
clam seed is growing at an increasing rate 
because of decreasing natural stocks and im­
proving hatchery techniques. Henderson 
(1978) has estimated the annual world market 
for hatchery seed to be $2 billion, or 25% of 
the annual U.S. whole clam and oyster har­
vests. In the U.S., hatcheries exist in the 
Southeast, the Northwest and in parts of the 
Northeast. The U.S. leads in seed production, 
having pioneered many clam hatchery tech­
niques, but its oyster techniques are still 
considered "primitive" (Bardach et al. 1972).
Opinions differ as to the sufficiency 
of seed availability. Clam seed is more read­
ily available than oyster seed (Terry 1977), 
except for seed larger than 10 mm (Castagna 
and Kraeuter 1977; Manzi et al. 1982a). Sup­
plies of oyster seed have proven unreliable 
and insufficient to meet demand at current 
price (Donohue et al. 1981; Im and Langmo 
1977). The demand for hatchery-produced 
seed is cyclical and increases during natural 
set failures (Henderson 1978). If hatcheries 
could produce a reliable, inexpensive product 
that is more attractive to growers than natural 
seed, they could capture a larger share of the 
seed market.
Hatcheries currently operate with less 
than complete information for two reasons: a) 
lack of cooperation between affected parties 
in the industry (Henderson 1978); and b) 
inasmuch as no two hatcheries are operated 
exactly alike (Terry 1977), such information 
as is available from one is not entirely appli­
7cable to another. Partly due to this lack of 
information, hatcheries are only marginally 
cost-effective (Terry 1977). Cooperation 
should be improved between hatchery op­
erators and buyers, researchers and the 
government (Henderson 1978). This in turn 
should affect the flow of information and 
help industry development.
Despite the problems faced by 
hatcheries, many in the field believe that they 
will continue as a viable industry (Terry 
1977). Genetic breeding and development of 
domestic bivalve strains are future potentials 
of the industry (Terry 1977). The develop­
ment and success of the hatchery industry de­
pends on the continued demand for seed, en­
couragement by government and the scientific 
community and the success of hatchery op­
erators. The success of the individual opera­
tor depends in large part on an ability to 
compete in the market place. To be competi­
tive, the hatchery operator must be able to 
make the best production decisions based on 
an accurate assessment of production costs. 
This is the subject of the following sections.
I l l  - H A T C H E R Y  P R O D U C T I O N  O F  
B I V A L V E  S E E D
Raising oyster and clam seed under 
controlled conditions requires technically-so­
phisticated, delicately-monitored production 
processes. The purpose of this section is to 
describe these processes, using the hatchery 
from which data were collected as a model. 
Although production systems vary among 
hatcheries, especially in algae and culch 
preparation and in facility and system designs, 
most operations are universal to all hatcheries. 
Techniques are varied primarily to take ad­
vantage of available natural resources at the 
site.
T h e Hatchery
The bivalve seed hatchery, from which 
data were collected for this study, was the 
outgrowth of an experimental plant begun in 
the late 1970’s. This model facility was used
to help train staff and develop techniques 
utilizing the available natural resources in the 
surrounding area.
Construction of the permanent hatch­
ery was completed in 1982. The building 
used for seed production has approximately 
500 square meters of indoor floor space. 
There is an ample outdoor work area, as well 
as room available for expansion. The hatch­
ery began partial production in 1982, and the 
first full production year was 1983. Both 
oysters and clams are grown, but production 
is now concentrated on oysters.
The hatchery is located a few hundred 
yards from a bay. The ownership of the 
bottom rights to part of the bay led to the 
development of a field operation ("outgrow") 
where some of the seed produced in the 
hatchery is grown to maturity. Most of these 
outgrow operations are conducted separately 
from those of the hatchery.
Th e H atchery’s Production System
The production process can be divided 
into six life-cycle stages for the bivalve:1 1) 
broodstock maintenance and conditioning; 2) 
spawning; 3) larvae development; 4) setting; 5) 
juvenile development and 6) field (or out­
grow); and two support stages: 1) algae pro­
duction and 2) culch production. Figure 4 
shows the location of each production stage 
within the hatchery.
To maintain a low mortality rate, 
young bivalves must be treated with care 
during all phases of production, including 
inspection, cleaning and transfer. Exposure to 
severe environmental conditions or fouling by 
foreign organisms, such as fungus, bacteria 
and predators, can cause death or deformation 
of the animals or a poisoned product. Thus, 
particular attention must be given to cleanli­
ness at each stage of production and to selec-
Because the differences between clam and oyster produc­
tion are minimal, the two processes will be treated as one 
throughout the remainder of this analysis.
8FIGURE 4. PRODUCTION LOCATIONS IN THE 
H ATCH ERY
tion of non-toxic materials for all equipment 
that comes in direct contact with the animals. 
The quantity and quality of inputs used, such 
as energy, algae, culch and other materials, 
depend on the biological requirements of the
bivalve, the existing environmental conditions 
and on the hatchery’s ability to purchase or 
produce those inputs. Inadequate or poor 
quality inputs will affect the survival of the 
bivalves.
9As with most biological production 
processes, there is a trade-off between 
achieving maximum production and the cost 
of inputs. For instance, higher densities im­
prove efficiency in the use of inputs such as 
water and labor; however, a high density de­
creases the survival and growth rates of the 
existing animals. The hatchery must weigh 
the marginal cost of providing ideal environ­
mental conditions against the resulting in­
crease in the value of the marginal output.
Proper timing of production is critical 
in two respects. First, if  the hatchery begins 
production too early in the season, the ani­
mals will be ready for transfer to the juvenile 
tanks or outgrow facility before the water has 
reached a suitable temperature. Extending 
production too late may leave the hatchery 
with unsold inventory. Second, new spawn­
ings and transfers between stages must be 
timed so as not to exceed the system’s capac­
ity in terms of space or ability to produce 
sufficient inputs. The optimal age of transfer
depends in part on the cost of maintaining the 
animal. The best way to understand the pro­
duction system is to examine each of the 
components separately. (Figure 5 shows the 
flow between the production stages.)
A ls a e
Production of algae for feed in suf­
ficient quantity and quality is important to 
the bivalve at all stages of growth and is one 
of the principal problems in profitably grow­
ing animals to market size entirely within a 
closed system (Gates et al. 1974; Epifanio 
1975). Not much is known about the specific 
food requirements of the bivalve (Galtsoff 
1964), especially about the adult bivalve 
(Epifanio 1975), but in the work that has 
been done, bivalve algae consumption is 
measured either by the number of cells con­
sumed per animal or by the algae concentra­
tion made available to the animal. Existing 
estimates of the number of cells consumed by
FIGURE 5. FLOW BETWEEN HATCHERY PRODUCTION STAGES
BroodSource
AlgaeSource
Discard Discard
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oysters and clams at different stages of animal 
growth are in Table 1. Using the second and 
most common method, optimum algae con­
centrations for oyster larvae are given in 
Table 2.
The amount of algae assimilated, i.e., 
actually used for growth by the animal, is es­
timated at between 70% and 90% of the 
amount consumed (Epifanio 1975). Con­
sumption is less than the filtering rate (the 
cells filtered per volume of water pumped), 
and the filtering rate in turn is less than the 
pumping rate. Filtering efficiency is affected 
by environmental conditions and was mea­
sured at between 34% and 58% by Baab and 
Associates (1973).
For bivalve feed, a mix of algae 
species is preferable (Ukeles 1975). The di­
gestibility and nutrient value of the food de­
pends on the chemical composition, size, tex­
ture, taste (Epifanio 1976), cell wall and tox­
icity (Ukeles 1975) of the algae species. Ju­
veniles are less sensitive to algae quality and
size than are larvae, which require cells sized 
from 6-10 microns in diameter (Breese and 
Malouf 1975). Clams are generally less par­
ticular than are oysters about the quality of 
algae fed (Ukeles 1975).
The quantity of algae that the hatch­
ery must produce to feed the bivalves depends 
on whether or not sea-water containing nat­
urally occurring algae is made available to the 
animals. The proportion of its diet an animal 
is able to receive in this way depends on the 
concentration of algae in the seawater, on the 
pumping and filtering abilities of the animal, 
on the seasonal variation of that concentration 
and on the amount of water to which the 
animal is exposed. Also, some additional al­
gae must be produced and held in reserve in 
case main supplies are contaminated. Pro­
ducing excessive amounts can be costly, be­
cause algae can be stored only a few days.
The hatchery’s algae stage is managed 
by a single employee, who spends more than 
one-half the total working hours exclusively
Table 1. Daily Consumption of Algae Cells by Oysters and Clams
Stage/Age of Equivalent Stage Algae Cells Consumed Per Dav
Oyster at the Hatchery Oysters Clams a
Larvae
2 days ' 1.0 x 104
12-15 days Larval 4.0 x 104
set size 5.0 x 104
Spat 2.0 x 105 1.0 x 105
3 weeks Setting 3.0 x 106
8 weeks 2.4 x 107
Seed Juvenile 8.0 x 107 6.0 x 105
Adult Juvenile/Outgrow
1.1 x 108
1.0 x 107
3 inches
Sources: Claus and Adler (1970); Matthiessen and Toner (1966); Gates et al. (1974).
aThe three consumption levels for clams refer to animals of 0.2, 2.0 and 8.0 mm in size, respectively. The corresponding stages 
for the oysters listed at the left are probably not exactly comparable to these sizes.
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Table 2. Optimum Algae Concentrations 
for Oyster Larvae
Initial
Larvae Shell 
Length 
(d)
Food Concentration for 
Highest Growth Rate 
(pi of packed cells/1)
77 2.5
78 2.5
104 10.0
104 10.0
139 10.0
146 20.0
201 40.0
Source: Rhodes and Landers (1973).
on algae production. The batch method, in 
which algae is cultured to a maximum density 
using successively larger containers, is used. 
Not all algae at a maximum age and density 
are used exclusively for food; instead, some 
are used to innoculate a larger tank.2 * This 
"modified batch" strategy requires additional 
labor (Matthiessen and Smith 1979).
The second-floor laboratory is where 
algae samples are analyzed for contamination 
and proper densities, nutrient solution is pre­
pared to supplement the algae cultures, and 
initial algae stock is stored. Four different 
varieties are cultured: Thalassiosira pseudom a  
(diatom), Pavlova lutherii, Pavlova lutherii 
H optaphyceae and Isochrysis galbana. The 
latter represents 50% of the algae grown and 
50% of the animal’s diet. Because young 
animals require small algae cells, the diatom is 
used only during the juvenile stage.
2 In contrast to techniques that centrifuge large quantities 
of seawater to concentrate naturally-occurring algae, this 
method selects only the best species of algae. The cen­
trifuge process, which is commonly used on Long Island, 
is less expensive (Matthiessen and Smith 1979), but it re­
quires an abundant and reliable source of naturally-oc­
curring, desirable algae. The batch or modified batch 
process offers certain advantages for feeding efficiency 
because higher densities of algae can be obtained. Wit^ 
these processes, algae can be produced at densities of 10  ^
cells/ml, as compared to densities in seawater of 10 
cells/ml (Gates et al. 1974).
The primary algae production stage 
begins with tube cultures. Algae, in nutrient- 
rich well water, are allowed to mature two 
weeks to a maximum density of 3 x 10 
cells/ml. The culture is then transferred to 
sterilized flask containers. After one week, 
this culture matures and is transferred to car­
boys. Water must remain cool and suffi­
ciently aerated. Cool fluorescent lighting 
provides the algae with artificial sunlight 24 
hours each day.
The secondary stage, located in the al­
gae room next to the laboratory, consists of 
seven 757-litre tanks. Each tank is in- 
noculated with 16 litres of primary algae cul­
ture; nutrients and well water are added. The 
number of tanks used depends on near-term 
food requirements. Optimum algae density of 
4 x 105 cells/ml is reached in one week.
The secondary culture flows to the 
ground floor to innoculate the 3,785-litre ter­
tiary algae tanks. The requirements at this 
stage are similar to those for previous cul­
tures; and when a maximum density of 5 to 8 
x 105 cells/ml is reached, the tertiary, or 
"direct-feed", stage is used to feed the bivalve 
broodstock and the animals at the larvae and 
set stages. It is also used to innoculate the 
next culture stage. After one week, any algae 
remaining are discarded.
The final algae tank is a sunken 
49,205-litre tank in the juvenile room. This 
"solar" tank is innoculated from the tertiary 
tanks and allowed to bloom under natural 
sunlight provided by large, sloping windows 
over the tank. Maintenance is similar to that 
in other stages. When a suitable density is 
reached, the entire amount is transferred to 
the algae holding tank located in the same 
room; the solar tank is then reinnoculated. 
The juvenile bivalves are fed directly from 
the holding tank. After one week, the re­
maining algae are discarded.
Broodstock M aintenance and Conditioning
The quality of the bivalve produced 
depends to a degree on the genetic quality of 
the parental stock, which is selected on the
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basis of size, shape and growth potential. The 
broodstock is kept in rectangular 825-litre 
tanks of aerated, filtered water. Cool water 
temperatures are maintained to prevent spon­
taneous reproduction.
Before spawning can occur, the mature 
adults must be "conditioned"; the water tem­
perature is increased to 26-29°C, and the 
food supply is also increased. The condi­
tioning time varies according to the tempera­
ture and the amount of food used, but oysters 
require approximately 35 days (Gates et al. 
1974).
Svaw n in e
Once the male and female bivalves 
have been conditioned, the spawning process 
takes two employees one to three hours to 
complete. Conditioned adults are induced to 
spawn by either introducing a sharp temper­
ature increase or by adding previously-col­
lected sperm (Breese and Malouf 1975). One 
female clam can produce as many as 24 mil­
lion eggs at a time (Loosanoff and Davis 
1963b). Within 24 to 48 hours, the gametes 
become free-swimming larvae.
Larvae D evelopm ent
During the larvae stage, algae-rich 
seawater is circulated about the mobile an­
imals ("veligers"). In the larvae room are 38 
conical, 340-litre larvae tanks and two 700- 
litre, flat-bottom larvae tanks. These tanks 
are filled with warm, filtered seawater, which 
must be heated when seawater temperature is 
below 25°C. Approximately 14 litres of algae 
are added to each tank/day.
Oyster and clam larvae are maintained 
close to ideal densities for fastest growth and 
survival, viz., densities from 0.4 to 15 ani- 
mals/ml and 5 animals/ml of water, respec­
tively (Gates et al. 1974; Matthiessen and 
Toner 1966). Growth and survival rates at 
this and subsequent stages are affected not 
only by density and by food quantity and 
quality, but also by the temperature and 
available oxygen. Thus, water is maintained 
at the ideal temperature, and aeration is sup­
plied continually to all tanks.
Maintenance of the larvae is labor-in­
tensive. Besides daily feeding and moni­
toring, every 48 hours the tanks are cleaned, 
the larvae are sorted by size, and the dead 
animals are removed. This takes two em­
ployees nearly a full day to complete, de­
pending on the number of tanks in use. 
Animals of similar size are collected together 
from different tanks and are then returned to 
a newly-filled tank, and algae are added. 
This culling process is an essential feature of 
the production process because it, in large 
part, determines the quality and the quantity 
of the final output.
The most critical period for the larvae 
occurs at metamorphosis, when the bivalves 
change from free-swimming larvae to bot­
tom-dwelling spat. Setting occurs at 7 to 10 
days for clams (Bardach et al. 1972; Gates et 
al. 1974) and 10 to 20 days for oysters (Gates 
et al. 1974). The clams at this stage measure 
200 to 215 microns (Bardach et al. 1972; 
Gates et al. 1974) and oysters 300 to 325 mi­
crons. Prior to this metamorphosis, the ani­
mals must be transferred to the set tanks, 
which have been filled with culch.
Culch
Culch is the material onto which the 
oyster larvae set and attach permanently. 
Thus, before the larvae can be transferred to 
the setting tanks, culch is prepared. The 
choice of culch material depends on the type 
of grow-out anticipated rather than the rela­
tive cost of the materials (Matthiessen 1970; 
Gates et al. 1974).3 Before 1960, whole oys­
ter or clam shell was used exclusively for 
bottom culch material (Matthiessen and Smith 
1979); other techniques, such as the sus­
pended-string method, could be used in lieu 
of bottom culch. Today, choices for culch 
include a variety of shell sizes, artificial ma­
terials and "culchless" oysters.
The culchless oyster is an oyster with 
no attached culch, that is, one that has been 
induced to set on a material, such as plastic
Clams do not require culch since they do not attach 
firmly.
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sheeting, from which it can be removed eas­
ily. Culchless oysters can be grown at greater 
densities than the culched variety inasmuch as 
clumping, which crowds and deforms the spat 
on the culch, is less of a problem. Culchless 
oysters may be less expensive to produce be­
cause culch production costs are avoided, and 
because shipping and handling of the culch­
less oyster is less costly. However, once 
transplanted, the culched oyster has a better 
chance of surviving, especially in waters with 
high siltation (Matthiessen 1970). Thus, 
culchless oysters (and clams) should be raised 
to larger sizes in the hatchery, potentially 
offsetting any other savings.
The preparation of culch is tedious, 
taking about 12 minutes to produce one litre 
of sorted, crushed shell. The prepared culch 
is then cleaned and spread on the bottom of 
the set tanks at densities of 200 to 350 
ml/square foot.
Setting
Prior to setting, the larvae are trans­
ferred to eight 825-litre tanks filled with 
warm, filtered, aerated water at densities of 2 
to 18 million animals per tank. Maintenance 
is similar to that for larvae; the same algae 
mix is used, although cleaning is less frequent 
(every 72 hours). The animals are fed 70 
litres of algae/day/tank during the first week; 
this is increased to 140 litres by the second 
week.
Because the animals are delicate at this 
stage of their life, their transfer too early to 
the juvenile tanks could reduce the overall 
survival rate. The hatchery does not heat the 
juvenile tanks and must wait for the bay wa­
ter to heat sufficiently by natural means be­
fore young spat can be transferred. However, 
if the animals remain too long in the set 
tanks, they cannot receive the large quantities 
of flowing water and algae necessary for 
rapid growth, nor can the tanks be used for 
subsequent batches. Animals as small as 300 
microns and as large as 1.9 mm have been 
transferred out of the set tanks in the hatch­
ery.
Juvenile Developm ent
From the set tanks, the young spat are 
transferred into either the juvenile tanks or 
the upwell system, or they are sold. Most 
oyster and clam seed are sold at about 3 mm; 
smaller animals than this would experience 
too low of a survival rate.
The juvenile tank has a capacity of 
26,500 litres. The culched oysters are placed 
in trays that measure 0.5 x 0.6 m; these trays 
are then placed on the bottom of the juvenile 
tank. The tank is filled with enough sieved 
bay water to cover the trays and is aerated. 
Approximately 75 litres of algae are added 
per day to achieve a cell count of 2 x 106 
cells/ml. The tank is cleaned twice per week, 
at which time the animals are washed and 
culled for death, fouling, and deformation. 
By the time the animals are ready for sale or 
transfer to the field, there has been a sig­
nificant reduction in their numbers.
The upwell system is used only for 
clams and culchless or micro-culched oysters. 
The spat are held in screened-bottomed 
buckets, which are suspended over 825-litre 
rectangular tanks. Water from the bay hold­
ing tank is siphoned into these tanks, creating 
a continuous flow of water that aerates the 
spat. This sieved water is at bay temperature: 
17°C in May and 28°C in August. Algae 
from the holding tank are added at a rate of 
about 7,600 litres per day. Animals have 
been kept in this system until they have 
reached 2.3 to 8 mm in diameter, and then 
they have been sold or transferred to the 
field.
T h e H atchery's Ph y sical System s
The facility was designed for e ffi­
ciency and flexibility to allow for changes in 
production techniques in response to new 
scientific information, environmental condi­
tions or market changes. Simple changes in 
internal arrangements, made possible by mov­
able tanks that can be used for a variety of 
functions, can streamline production. The 
hatchery was designed to facilitate easy 
cleaning. Energy, water and air systems were 
coordinated to maximize efficiency.
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Energy System
The amount and the type of energy 
used in the hatchery depend on the produc­
tion method and on the prevailing environ­
mental conditions. Natural lighting and 
heating are used wherever possible. Because 
the bay water temperature is cool, the hatch­
ery must heat large quantities of water to fill 
the brood, larvae and set tanks.
The energy flow is complex (Figure 
6). Heat inputs include electricity for lighting 
and machinery and fuel oil for running the 
boilers to heat water and ambient air. Cool­
ing inputs include air conditioners, bay water 
and ambient air. The relative contribution 
required from each of these sources to main­
tain ideal water and air temperatures is a 
function of the season. It is possible to de­
termine the amount of electricity and fuel oil 
required if  initial temperatures, final temper­
atures, and heating and cooling capacities are 
known.
Water System
Water is used in all phases of produc­
tion: for all animal stages, for algae produc­
tion and for cleaning. Water, the quality of 
which is critical to all hatchery operations 
(Bardach et al. 1972), can be sterilized with 
ultraviolet light or with chemicals. Fresh 
water for cleaning is obtained from a reser­
voir at no cost to the hatchery, and three 
pumps bring water from the bay (Figure 6). 
The first pump is for deep-well water, which 
is used exclusively for algae production. It is 
the purest of the three bay waters and is 
never heated. Pump 2 filters out particles 
greater than 1 to 5 microns; this water is used 
for larvae, brood and set tanks. The third 
pump delivers water to the juvenile room and 
sieves out particles greater than 700 microns.
The facility is designed to minimize 
the electrical costs of pumping. By using a 
series of different levels, water can be si­
phoned for various uses once it is within the
FIGURE 6. ENERGY AND WATER FLOW  W ITHIN THE HATCHERY
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facility. Gravity is also used for the transfer 
of algae from the secondary to the tertiary 
stages and from the tertiary to the solar stage.
Air Flo w  System
If water is not kept in constant flow, 
the hatchery must provide aeration. Although 
the hatchery’s air system is not elaborate, it is 
essential to algae and animal growth. De­
pending on size, all tanks are provided with a 
certain number of air tubes, except for the 
upwell system, which receives a constant flow 
of water. Air is pumped through these tubes 
from an air compressor that operates 24 hours 
per day. To reduce electricity consumption, 
the hatchery replaced its 5-HP air compressor 
with a 1-HP compressor, which has proven 
sufficient for the hatchery’s needs.
Costs and Input Considerations
Before the decision to build a hatchery 
is made, a complete financial assessment 
should be conducted, including estimates of 
the initial investment cost, operating expenses 
and expected earnings. To date, existing 
hatcheries were estimated to have an average 
initial capital investment for building and 
equipment greater than $100,000 (Matthiessen 
and Smith 1979), but technically-advanced 
hatcheries, such as this one, may cost even 
more. Using land with direct access to the 
ocean can add considerably to the total price, 
although in this case, the land was already 
owned.
Hatchery operating costs were esti­
mated at between $2,700 and $10,000 per 
month for most facilities (Matthiessen and 
Smith 1979). The actual amount depends on 
the hatchery’s output and design, on the ex­
isting environmental conditions, and on un­
foreseen production risk beyond the control 
of the operator.
To date, there are only a handful of 
published estimates on the cost of bivalve 
seed, and the average costs per animal range 
from $0.0005 (Im and Langmo 1977) to $0.01 
(Matthiessen 1979) for smaller seed and from 
$.029 to $0.25 (Gates et al. 1974) for larger 
seed. The most comprehensive estimates have 
been made in recent years by Im and Langmo
(1977), Im et al. (1976) and Bolton (1982). 
They have attempted to estimate costs at each 
stage of production (e.g., brood, larvae etc.) 
using an economic engineering approach 
based on small, experimental hatcheries both 
on the Pacific and Atlantic coasts.
These studies are an important first 
step, but they fail to determine the cost of 
producing animals to different sizes in the 
same stage. This information is particularly 
critical at the final stage, that is, just prior to 
sale or transfer to outgrow facilities, because 
an aquaculturist purchases seed from a 
hatchery at a size in accordance with his pro­
duction method, locality and production goals. 
It appears that 3 mm is a common size at 
which to sell the spat. Those who purchase 
larger seed face significantly less risk of 
mortality in open waters since they are more 
resilient to predation, siltation and climatic 
changes (Matthiessen and Smith 1979).
When larger seed are produced, it is 
usually because a) the hatchery cannot find 
buyers for seed not previously contracted for 
sale (usually the hatchery overproduces some 
animals to leave a margin of error), b) 
environmental conditions are such that the 
hatchery cannot transfer seed to their own 
"growout" facility or c) it is experimenting 
with growth techniques for larger animals. In 
other words, production to a larger size is not 
necessarily desirable but may be preferable to 
disposal of the animals if  the hatchery can 
cover its costs at the margin.
C la ssify in g  Productive Inputs
An important first step in estimating 
the cost of raising bivalve seed to different 
sizes is to identify the input requirements for 
each stage of production. As outlined in 
Table 3, production of bivalve seed can be 
separated into five production stages and two 
support stages: 1) broodstock conditioning, 2) 
spawning, 3) larval development, 4) setting, 
and 5) juvenile development; and 1) culch and 
2) algae preparation. Because input quantities 
change over time, they will also change over 
the duration of most stages. Therefore, in 
this analysis, the stages are broken down into 
smaller units of time, or periods. At the end 
of a period, there is an associated size and age
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Table 3. Inputs to Bivalve Seed Production in the Hatchery
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ELECTRICITY 
Water pumping 
Wellwater 
Filtered water 
Sieved water 
Air compressor 
Air cooling 
Lab room 
Algae room 
Air heating 
Office 
Algae room 
Larvae room 
Back room 
Equipment 
Office 
Laboratory- 
Autoclave 
Crusher 
Sorter 
Lighting 
Office 
Laboratory 
Algae room 
Larvae room 
Back room 
Juvenile room 
FUEL OIL 
Water heating 
Heat exch. 
Filtered water 
Sieved water 
Space heating 
Office 
Algae room 
Larvae room 
Back room
X  X  X  X
X  X X
X  X  X  X  X  X
X
X
X
X
X  X  X  X
X  X  X  X
X  X
X X X  
X  X
LABOR
Tank maintenance X X  X X X X X
X Culling X X X X
Feeding X X X X X X
Transfers X X X X X
X Cleaning X X
Management X
X Laboratory work X X  X X X X X X
X Equipment mainte-
nance X
X MATERIALS
X X Antibiotics X X
X Cleaning X  X X
X Glassware X X
Lightbulbs X X
X Screening X
X Office supplies X
X Fresh water X X
Nutrient solutions X
ALGAE
Direct-feed tanks X X X
X Solar tanks X X X
X ' X From natural
X seawater X X
X X CULCH
X Micro X
X X Large X
X
X
MISCELLANEOUS 
Travel and communi­
cations x
Insurance x
Permits x x
Shipping x x  x
Loan payments x
Taxes x
See text and Figure 5 for identification of stages. General hatchery inputs are independent of stage. Intermediate inputs are 
produced in support stages.
of animal, as determined by the growth rate 
experienced in the hatchery. The cost per 
animal at any age can be estimated by mea­
suring the inputs that are used in a period.
As with most production systems, in­
puts can be classified as either fixed or vari­
able. Fixed inputs are those whose quantity 
cannot be changed during the length of time 
under consideration since the cost of quick
variation in their amount is large as to make 
such variations impractical (Mansfield 1979). 
Here, we are interested in smaller seed 
(produced in less than 4 months) as well as in 
larger animals that must be left in the hatch­
ery longer. For convenience, the length of 
time under consideration is taken to be one 
year. Thus, fixed costs are assumed to in­
clude depreciation on building and equipment, 
taxes, and rental charges.
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Some inputs are also fixed once a 
batch is started and so either do not vary with 
output or vary insignificantly. These inputs 
include general hatchery maintenance, such as 
for machinery and general hatchery cleaning. 
It is difficult to isolate these costs in terms of 
their applicability to any particular stage or 
period of the bivalve’s life.
Variable costs differ in how much 
they are affected by the level of production 
output. First, because of the nature of 
hatchery production, which uses a modular- 
style (e.g., separate tanks), many inputs are 
only secondarily related to the number of 
animals within the system. For example, a 
larvae tank requires a certain amount of labor 
for cleaning and a certain amount of heated 
water no matter how many animals are in 
each tank even though the number of tanks 
used does depend on the total number of an­
imals. Second, some inputs are related to the 
area where the animals are located and must 
be used no matter how many tanks are in that 
area, such as space heating. Third, some 
events take place only once and are not sig­
nificantly affected by the number of animals, 
for example, sampling. Finally, there are 
those inputs, such as algae consumption, that 
vary directly with output.
It is the inputs that vary according to 
the number of animals in the system that are 
of greatest interest to this analysis, since it is 
these inputs that vary most with animal size. 
Inputs that do not vary directly with output 
are shared according to the relative length of 
time that the animal is retained in the hatch­
ery, rather than the total output or the an­
imal’s size.
For this study, inputs are divided into 
six primary categories: electricity, fuel oil,
labor, materials, algae and culch (Table 3). 
Although both algae and culch are support 
stages in the system, they are intermediate 
inputs that could be produced outside the 
hatchery and purchased.
In most hatcheries, it is not difficult 
to separate the total monthly operating costs 
into the total cost of each primary input. The 
real difficulty is in allocating a share of these 
primary input costs to different stages of pro­
duction. Im, Johnston and Langmo (1976) 
made some progress on such a breakdown in 
costs. A  summary of their results is presented 
in Table 4. These data highlight the impor­
tance of algae production as a component in 
the variable costs of bivalve production and 
serve as a benchmark by which to calibrate 
the results from the bivalve cost simulation 
program described in the next section.
I V  - S I M U L A T I N G  B I V A L V E  P R O D U C T I O N  
C O S T S
This section describes a simulation 
model by which one may calculate input re­
quirements, net output and the cost of grow­
ing bivalve seed. Within the model, primary 
input costs are allocated to different stages of 
production, thus facilitating the comparison of 
the marginal cost of growing bivalve seed to a 
larger size with the expected marginal revenue 
of doing so. The model was designed to fa­
cilitate its coding as an interactive computer 
program that could be used by hatchery op­
erators.
Structure o f  the M o d e l
The model can be used to calculate 
production costs, inputs and output for an 
entire batch of bivalves. Even though most 
hatcheries would have concurrent batches at 
different stages of development, focusing on a 
single batch makes it possible to allocate input 
costs to the different production stages and to 
generate the information necessary to deter­
mine the optimal timing of production. It is 
also assumed that only one production path­
way is followed for each application of the 
model; that is, all animals in all stages are 
treated similarly regarding the choice of 
culch, timing of transfers and all other aspects 
of the production processes.
To compute inputs and costs for ani­
mals of different ages, each batch is initially 
divided into the production stages discussed 
above. These stages are subdivided into 
shorter periods so that costs can be deter­
mined at various points in time within a 
stage. This is particularly useful for long 
stages, such as the juvenile stage, where a 
more precise estimate of the change in cost 
with age is required. A ll periods within a
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Table 4. Production Costs in Various Production Stages in Bivalve Hatcheries of Two Sizesa
Stage Percentage of Total Cost Percentage of Variable Cost
Plant 1 Plant 2 Plant 1 Plant 2
Conditioning 2.7 0.2 3.9 0.2
Spawning 5.0 0.3 8.7 0.3
Larvae Rearing 15.0 27.8 21.4 25.1
Larvae Setting 7.2 18.8 7.6 13.5
Algae Production 38.9 33.3 29.4 39.0
Culch Preparation 3.7 9.3 7.2 14.7
Miscellaneous 27.5 10.3 21.8 7.1
The source of the data is Im, Johnston and Langmo (1976). Plant 1 is an experimental plant with an output of 15 
bushels/week. Plant 2 is scaled up to a projected 800 bushels/week.
stage are of equal length, but the length and 
number of periods may differ amongst stages.
The number of bivalves surviving and 
their size are calculated at the end of each 
period, along with the per day averages over 
the period. The quantities and costs are cal­
culated for each period and are averaged over 
each period as well. The costs incurred in the 
current period are added to those of previous 
periods to accumulate total costs up to the end 
of the period. This type of structure, in 
which there is a succession of repeated com­
putations, lends itself easily to FORTRAN, 
the computer language in which the model is 
coded.4
As shown in Figure 7, the options to 
run the code are chosen in step la ,  and data, 
including price of inputs, are entered or com­
puted in steps I b - l g .  After all data are en­
tered, a batch is begun on the first day of the 
first month of production (step 2). Each 
stage i, beginning with the conditioning stage, 
is looped through steps 3 - 1 4 ,  and within this 
stage loop, period j  is incremented (steps 5 -  
13).  The passage of time during the course 
of a batch is accumulated within j (step 6),  
and thus the age of the bivalves is advanced.
4 Preliminary development of the code, which concentrated 
on specific subroutines, is shown in Myers (1985). A 
listing of the completed code is given in Appendix A. It 
is being run on an IBM mainframe computer. Data can 
be entered entirely by file, entirely interactively, or by a 
combination of both.
With this nested looping structure, any com­
putation within the j  loop will depend not 
only on j ,  but also on time, stage and the 
month the batch is begun.
Survival rates for bivalves ( step 7),  
size of bivalves ( step 8) and input quantities 
( step 1 1 )  are computed within the loop j, 
calling function subroutines, which are placed 
outside of the loop when used by more than 
one subroutine. Cumulative and average 
costs, based on information from previous 
steps, then are computed (step 12 ).  The pro­
gram output contains information generated 
about the batch beginning at month M  (step  
15)\ a new batch is begun on the first day of 
month M + l  (step 16 ).  By performing com­
putations for each month, information about 
batches begun at different times during the 
production season can be generated.
The options included in the code allow 
the model to be adapted to fit a variety of 
different hatcheries. With little effort, the 
internal parameters of the code can be re­
specified to change the number, units and 
name of inputs, and the number and name of 
stages, thus adapting the code to a hatchery’s 
specific production methods. When running 
the program, the user may specify the length 
of each stage and the number of periods 
within that stage, thus determining in part the 
level of detail contained in the information 
generated. It is possible to skip entirely 
stages for which information is not required 
or for which data may be insufficient.
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FIGURE 7. BIVALVE CODE FLOW CHART
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The user may also choose the way in 
which input prices and quantities are deter­
mined. If the code contains the necessary al­
gorithms, the user may choose either to allow 
the program to compute input price and/or 
quantities (steps I f ,  l i b )  or enter these as 
fixed parameters (steps l d , l f ) .  The modular 
design of the code facilitates the addition or
deletion of these price and quantity algo­
rithms.
Algorithm s
The algorithms for bivalve survival 
rates, bivalve size and production costs are
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required in the model and are described here.5 
In addition, the optional algorithms for algae 
price and quantity, which constitute the major 
focus of this analysis, are outlined. These al­
gorithms, except those for price, are con­
tained within the period loop and thus depend 
on time, period and stage. The prices for in­
puts used in a period are functions of the 
elapsed time up to period j  and on the month 
during which that period occurs.
Survival Rate
The output from a batch of bivalves, 
as well as the quantity of inputs and produc­
tion costs, depends on the initial number of 
bivalves in the batch and on the number of 
animals surviving from period to period. 
Death of a proportion of the population in a 
hatchery is unavoidable even though the 
mortality rate is lower than in the wild. Sur­
vival rates are affected by environmental con­
ditions maintained in the tanks, but little is 
known about the trade-off between increasing 
the survival rates and cost of improving the 
conditions in the tanks. Survival rates will 
also vary by hatchery, although in all 
hatcheries survival should increase at an in­
creasing rate because the animals become 
more resilient with age and culling rates go 
down with increasing age.
Hatcheries often overproduce at early 
stages to account for the declining numbers of 
animals over time, which is a result of natural 
mortality and the culling of inferior animals 
from the batch. Culling assures a faster 
overall growth rate and a superior final har­
vest. However, it is difficult to distinguish 
between the effects of mortality and culling 
on the number of remaining animals because 
both dead and inferior animals are removed 
in the same sorting process.
It is reasonable to assume that the 
number will decline over time. There are, 
however, few, if  any, data on actual survival
5
The specific forms of the mathematical relationships used 
to describe the algorithms were chosen primarily because 
they were found to provide the "best" statistical results 
given the data used to estimate the parameters of the 
functions empirically. The empirical estimates are de­
scribed in subsequent sections.
rates under these controlled conditions. At 
the time data were collected for this study, 
the hatchery had not been in production long 
enough to have reliable data on survival rates. 
For this reason, a general exponential func­
tion reflecting a constant percentage mortality 
rate over time was written into the code. 
This allows the user to specify particular sur­
vival rates and facilitates testing the sensitiv­
ity of costs to changes in survival rates.
The number surviving at the end of 
each period is computed at step 7  of the code 
by calling a function that relates survival at 
time t to the number of animals initially in 
the batch, i.e., the number successfully 
spawned.6 This function is:
(1) Nt = N0( t f ,
where = the number of animals remaining 
at time t; N Q = initial number of animals 
spawned; and p = a parameter to be set by the 
user, 0 >  p >  - 1 .
While this general functional relation­
ship is thought to be an accurate representa­
tion of an invertebrate population’s survival 
rate (Emmel, 1976, p. 205), its tendency to go 
to infinity as t goes to zero caused a problem 
in writing the computer code. To be consis­
tent with the use of t as an index of the pas­
sage of time for other calculations, it was 
necessary to have equation (1) at t=0 record 
the initial number of animals in the batch 
( N q) Thus for convenience of programming, 
N ( was defined as the number of animals re­
maining at the end of any week t, where t is 
incremented in discrete time. Thus, to rec­
oncile the initial estimate of the number of 
bivalves with the continuous time function 
above and the other functions in the model, 
the following function is used:
(2) N t = N 0 ( t + l f .
g
Although the cost to condition the adult population 
(stage 1), which spawns the initial egg population, affects 
the total cost of producing a batch, the number of adults 
is not important in determining the initial population in 
this model, because N is input by the user as a fixed 
parameter rather than as a function of the fecundity of 
the adults spawned.
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An estimate of the average number of animals 
surviving during a period is necessary to cal­
culate an average quantity of inputs used 
during j. The actual average number over the 
period from time a to b is calculated by:
N  b
(3) N (a  b) -  " o  J ( t + l ) P d t .
( b - a )  a
This integral was estimated in the code with a 
Reiman sum using the trapezoidal approxima­
tion to the area under a curve. The method 
gives a satisfactory estimate of the integral 
and increases the generalizability of the code 
since it does not depend on the actual form of 
the integrand.7
S iz e
Both the size of an individual bivalve 
at the end of each period and the average size 
during the period are estimated. This infor­
mation is useful in assessing potential market 
price and is also necessary for computing the 
amount of inputs used within a period.
Data relating the size of bivalves to 
their age were difficult to find in the litera-
7 b
To estimate the definite integral J f(t)dt by the
a
trapezoidal rule, one must calculate
A =  J f(t)dt ^  £  f(tk) A t + 2 ffb) A t -
a k= l
For coding purposes, it was efficient to calculate
A =  £  f(tk) A t + f(a) 2 ffb) A t
k = l
and A t =  1/7, a daily increment. If f is continuous on 
a < t <  b and twice differentiable on a < t <  b, then 
there is a number a <  6 <  b such that
b
f  f(t)dt =  A - f"(e)A t2
a
There is no set procedure for finding the value of e such 
that this is true, but one can obtain some idea of the mag­
nitude of the error by investigating the size of f"(t) be­
tween a and b (Thomas, 1960, pp. 207-17 and pp. 385-88).
ture as well. However, Epifanio, Logan and 
Turk (1976) and Epifanio (1975) report a 
small amount of data relating the size H t (in 
mm of shell height) to age in weeks (t) for 
both clams and oysters. These data suggest 
that the relationship is quadratic, at least for 
young bivalves:
(4) H t = at + fit2,
where one would expect a  >  0 and fi <  0, 
(the parameters are chosen by the user). The 
only potential problem with an empirical 
specification of this function is that it may 
yield a maximum size at too early an age. 
This problem is not serious because the func­
tion behaves well over ages that are likely to 
exist in a hatchery setting.
Using this relationship, the average 
size during any period starting at time a and 
ending at b is given by:
/ b
(5) A H (a,b) = (b^T) !  ( at + P ? )  d t-
' '  a
This integral also is approximated in the code 
using the trapezoidal rule, which computes 
the value of the function at each day of the 
period.
Costs
Estimating the variable cost to produce 
a single bivalve to a certain age or size in­
volves calculating the total variable cost 
(TFCp for an entire batch at some time t and 
dividing by N (, the number of animals 
surviving is given by:
(6) A V C t = T V C t/ N t.
This average variable cost per animal is de­
rived at the end of each period.8
As stated above, each batch is initially 
divided into stages ( i = l, . . . ,S ) ,  which are in 
turn divided into periods. To facilitate cod­
The stage associated with the period must be greater
than 1 since no animals are produced in the conditioning 
stage.
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ing, and allow for a different number of pe­
riods in each stage, periods ( j = l , . . . , J )  are in­
dexed consecutively over the entire batch. 
Thus total variable costs at time t* (measured 
in weeks) is the sum of all variable costs 
( P T V C j )  across all periods included in the 
first t* weeks:
(7) T V C p = I  P T V C  -.
j e t *
Because the code keeps track of peri­
ods and stages by incrementing the jth  loop 
within the ith loop, costs up to the end of a 
period may also be thought of as the sum of 
the costs in all periods included in the com­
pleted stages ( i = l , . . . , S * - l )  plus the sum of the 
costs for all completed periods up to time t* 
included in the current stage, S * ,
(8) T V C p  = E PT VCj + £ PTVCj .
j< E ( S = l, . . . ,S * - j)  j E (S*n t< t*)
Variable costs during a period are of 
course determined by the quantity of the in­
puts used during that period and by the price 
of the input during the month in which the 
input is used. This is incorporated into the 
model as:
N  K  R
(9) PT V C j = E  E ,  T . P nkmjQ„krJ,
n = l  k = l  r = l  J
where P n]^ m _ = price per unit of input n,
type k, in the month during which j  occurs; 
Q nk r i  = Quantity ° f  input n, type k, for use r 
used during j\ N  = number of inputs n; K  = 
number of types k of input n; R  = number of 
uses of input n, type k\ and m ■ = month 
during which j  occurs.
Prices and Quantities
As discussed previously, prices and 
quantities are either computed by algorithms 
within the code or are input by the user, thus 
allowing the user to focus on specific parts in 
the production process. Although the model 
allows any of the input prices to be com­
puted, this option is probably most useful in 
computing the cost, or internal price, of algae 
and culch, because these two inputs are often
intermediate inputs produced within the 
hatchery. This analysis focuses on the com­
putation of this internal price for algae and 
on the use of this input as feed during the 
production of the bivalves.
As shown in equation (9), the model 
allows for a price for K  different types of in­
put n in each month of production, thus cre­
ating a 3-dimensional price array, P n -gm - The 
code requires a value for each element of the 
array regardless of whether the price is com­
puted or input by the user so that a corre­
sponding price can be found for inputs used 
during any month.
From the computations for the quan­
tity of inputs used in each period, where a 
quantity is calculated for each type of each 
input for each period, Q n^ j,  another 3-di­
mensional array is constructed. Determining 
the quantity of each type involves summing 
over the R different uses for the input. For 
expository purposes, this is included as an ad­
ditional subscript on the quantity variable in 
equation (9), Q nkrj-  However, in the code, 
this sum of input quantities by use is calcu­
lated in the quantity subroutine, and this sub­
script does not appear in the quantity array 
used in the cost calculations.
If the quantity of input is entered by 
the user rather than computed by algorithms 
in the code ( step I d ) ,  a lump sum is entered 
as Q n fc,  which is then divided equally among 
each period of that stage ( step 1 1 ) .
A lg a e  Price and Quantity
The decision to focus this report on 
algae production (price) and on the quantity 
of algae used for feed in bivalve production is 
justified for three reasons.
First, the production of algae in the 
hatchery was the most well defined and 
firmly established of the hatchery’s produc­
tion processes. It was easy to separate the in­
puts used in the production of algae from 
those used as direct inputs to bivalve produc­
tion, because some different types were used 
and because the two processes were physically 
separated in the hatchery.
23
Second, the algae production model 
closely resembles the bivalve code structure 
because of the similarity in the production 
processes. By first writing the algae price 
code, potential problems with the full bivalve 
code could be anticipated.9
Third, and most important, is the fact 
that feed costs have been identified as the 
largest single component of hatchery costs, 
ranging from 29% and 33% of variable costs 
in early studies (Im et al. 1976) to as high as 
85% in more recent studies (Bolton 1982). 
Thus, from a practical point of view,
... the major bottleneck to com­
mercialization of intensive bivalve 
culture systems [lies] in the ability 
to economically culture massive 
quantities of these suitable algal 
species. Intensive study of prob­
lems associated with such mass 
culture of algae is certainly war­
ranted... (Epifanio 1975, p. 190).
These concerns become even more important 
as hatcheries attempt to raise animals to a 
larger size.
The algae system, described in Section 
H I ,  can be broken into stages of relatively 
short, fixed duration, thus distinguishing d if­
ferent algae "types" by the age of the culture. 
Algae can be fed to the bivalves from d if­
ferent stages and as such provides one exam­
ple of how different types of one input can 
be used within the code. These different 
types of algae are also distinguished on the 
basis of their different physical characteris­
tics, such as density, and overall purity, and 
by the cost of production. In the subroutine 
where algae costs are computed, a price, 
which in this case equals production costs, is 
computed for each of the different algae 
types.
In fact, the two processes are very similar inasmuch as 
both operate on a batch-like principle. The transfer of 
algae to successively larger tanks as they mature is com­
parable to the transfer of animals between stages. Both 
systems are a function of the number of animals or cells; 
however, the number of organisms increases over time in 
the algae system due to cell reproduction, although cell 
size remains constant.
Figure 8 is a representation of the al­
gorithms used to simulate algae production. 
As in the bivalve program, only one batch of 
algae is followed at a time. It is also assumed 
that only one algae species, or a single mix­
ture of species, is produced in a batch and 
that all tanks within a stage are used. By as­
suming that a new batch is begun on the first
FIGURE 8. ALGAE PRICE SUBROUTINE
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of every month, one can derive the 3-dimen­
sional price array required by the bivalve 
program, . from equation (9) (where n =
algae), from the internal cost of producing 
each type of algae.
The cost of producing any stage of al­
gae depends on the amount of inputs — elec­
tricity, labor and materials— used during the 
stage and on the price of those inputs during 
the month in which the stage occurs. Because 
algae production in the hatchery is separate 
fro m  bivalve production, there is a provision 
in the data input to specify different prices 
fo r  those inputs used in producing algae from 
those used in other parts of bivalve produc­
tion. The algorithms used to derive the inter­
nal costs of producing algae are discussed in 
detail in Myers (1985).
The algae quantity subprogram is used 
to compute the feed requirements for a batch 
of bivalves at any time t (see Figure 9). It 
allows for the feeding of algae from any stage 
of maturity to bivalves at any stage of 
growth, although it is likely that average pro­
duction costs per unit of algae would be too 
high in the early stages. Exactly at what 
stage during the algae production process al­
gae should start to be used for feed is an em­
pirical question that can only be answered by 
the information generated from the program 
itself. More is said about this issue below.
To estimate the algae required for a 
batch of bivalves, one must know the rela­
tionship between feed consumption and some 
measure of a bivalve’s age or size, in addition 
to the number of animals remaining in the 
batch at time t. In the literature, one finds 
feed requirements related directly to age 
(Epifanio 1975) and directly to size, as mea­
sured by shell height or dry weight (Epifanio 
et al. 1975 and Bolton 1982). To maintain the 
flexibility of the program, both options were 
included in the code. This was accommo­
dated easily, because regardless of the rela­
tionship used — size and feed or age and 
feed—  the data are consistent with a function 
that is linear in logarithms. One might well 
interpret the relationship as a Cobb-Douglas 
production function.
FIGURE 9. ALGAE QUANTITY SUBROUTINE
Return
Qknj>n =algae
In the first option contained in the 
code, the daily consumption of algae (1 0 , 0 0 0  
cell units) at time t, C., is related to shell size 
in mm of shell height as determined from 
equation (4). Thus,
(10) ln (H t) = S + 7  In C {.
Solving for C; and substituting,
(11) C t = (e)~{ 8 h ) ( H t) l h .
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Multiplying this expression by the number of 
animals surviving ( N {)  and substituting from 
equations (7) and (9), the total daily feed re­
quirements (in^  10,000 cell units) for a batch 
at time t, can be written entirely in
terms of t.
(12) C *  = [ ( a t  + ? t * 2 *) l h ]  [ ( t + l f  N 0]
[e ~ S h ] .
The total number of algae cells consumed (in 
10,000 cell units) during a period is then
given by
(13) C  = e~S / l  J [ a t  + p i2]  l/ri[ ( t + l ) pJdt.
a
Again, the values of the parameters are left to 
the user.
The second option relates the cells 
consumed, ct, directly to age in weeks, 
thereby eliminating the need to evaluate 
equation (4). The new relationship is10
(14) In t =  £ + 77 In c(.
Thus,
(15) ct = t1/T?;
(16) c *  = [ tX//r>]  [ ( t + l f  N 0 ]  [ e - ^ J ;  
and
_  b
(17) ct = e ~ ^  J [ t 1//r! ]  [ ( t + l f  N g J d t
a
Both of these options create the 2-di­
mensional array for algae quantity.11 The 
price determined in the algae price routines 
can then be referenced to compute the cost of 
the algae inputs used in each period of bi­
valve production.
The variables C, and ct refer to feed consumption (in 
10,000 cell units/, calculated according to options 1 and
2, respectively.
Both equations (13) and (17) are evaluated in the pro­
gram using procedures similar to those for the survival
and size equations above and reference equations (2)
and (4) for each day of the period.
V  -  E M P I R I C A L  T E S T S  O F  T H E  
S I M U L A T I O N  M O D E L
The purpose of this section is to de­
scribe the results from initial experimentation 
with the bivalve cost simulation model. The 
decision to apply the model to oyster seed 
production (Crassotrea virginica) was based 
primarily on the availability of data. As em­
phasized above, the empirical results reported 
here focus on simulating the cost, or internal 
price, of algae and on the quantities of algae 
and total feed costs of raising a batch of bi­
valves to various sizes. The remainder of this 
section begins with a discussion of the data 
used for the analysis. Next, the empirical 
results are presented for a base case, after 
which a variety of sensitivity analyses are 
conducted to see how the empirical results are 
affected by changes in the key parameters of 
the model.12 Finally, these results are com­
pared with other cost and bivalve seed price 
information to provide initial indications of 
the optimum size at which to market the seed.
The Data
To experiment with the model, it was 
necessary to obtain two sets of information: a) 
the data required by the subprogram that 
calculates the cost or internal price of algae 
and b) data by which to estimate the parame­
ters of the survival function, the age-size re­
lationships and the algae feed functions 
[equations (1), (4), (10) and (14)]. The data 
for the algae price (internal cost) estimates are 
based in large measure on several weeks of 
observation at the hatchery during the sum­
mer of 1983. There were, however, a few 
items taken from other sources, but these 
were modified to be consistent with the other 
production processes and specific environ­
mental conditions of the hatchery. These data 
are summarized in Appendix B and are 
described in detail by Myers (1985).
For any single type of bivalve, there 
were very few data in the literature on which 
to base the estimates of the parameters for
Myers (1985) conducts considerable sensitivity analysis 
on the internal price of algae, so these results focus on 
changes in other parameters of the system.
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equations (1), (4), (10) and (14). However, 
except for the survival equation, it was possi­
ble to combine data from several sources to 
derive consistent parameter estimates for the 
oyster.
Table 5 contains an empirical estimate 
of equation (4a), relating the size of oysters to 
age. The data are from Epifanio et al. (1976).
Within the simulation model, there are 
two alternatives for estimating the feed 
(algae) requirements for bivalves. One way is 
to relate feed directly to shell height as in 
equations (10a,b) of Table 5. To estimate 
equation (10a), equation (4a) was used first to 
predict shell height at some selected ages for 
which Claus and Adler (1970) report algae 
consumption data. These predicted shell 
heights are then regressed on the algae con­
sumption figures (in log-linear form) to ob­
tain equation (10a). Equation (10b) was esti­
mated directly from data in Bolton (1982). A 
second way to estimate feed requirements 
accommodated in the model was to relate al­
gae consumption directly to age. Data from 
Claus and Adler (1970) were used to estimate 
equation (14a) directly, while equation (14b) 
was estimated directly from information in 
Bolton (1982).13
The primary reason for developing 
these four ways of estimating feed require­
ments was to test the sensitivity of the model. 
It is somewhat surprising, but encouraging, to 
find that the algae production elasticities in 
these four equations are similar, ranging only 
from 0.35 to 0.42.
Data with which to estimate the sur­
vival rate parameters were among the most 
difficult to obtain. There were no population
Table 5. Estimated Equations for Use 
in Simulations
Equation
Number3
Estimated Equation
d a )b l n N t = 
R 2 =
8.55 - 
(46.09) 
0.66
0.255 In t 
(-6.26) 
[0.041]
(4a)c,d
H t ~
0.737(f)
(22.14)
[0.033]
- 0.00252(02 
(-6.99) 
[0.0004]
(10)
(a)f l n H t = 
R2 =
-0.631 + 
(-1.65) 
0.81
0.338 In C t 
(4.58) 
[0.074]
(b)e hi H t = 
R 2 =
-1.769 + 
(-5.85) 
0.98
0.416 In C t 
(18.57) 
[0.022]
(14)
(a)e In t = 
R 2 =
-0.331 + 
(-0.85) 
0.81
0.345 In C t 
(4.62) 
[0.075]
(b)d In t = 
R2 =
-2.244 + 
(-5.644) 
0.97
0.407 In C t 
(13.83) 
[0.029]
See text for equation numbers and variable definitions. 
The numbers in parentheses and brackets are t-ratios 
and standard errors, respectively.
b
The source of the data is Eldridge, et al. (1979). 
c 2R 's are not applicable for restricted regressions. 
d The source of the data iB Epifanio et al. (1976).
Bolton (1982) estimates oyster feed requirements 
through a mathematical relationship between the whole 
weight of oysters and the daily consumption of algae 
(due to Pruder et al. (1977)):
Y =  8.2 x '° -21
where x = ighole weight in grams; and Y =  algal cells 
cleared x 10 /g  whole weight/day. Because they report 
data on age and shell height for oysters of different 
whole weights, once this equation is used to estimate 
algal consumption based on weight, these predicted 
values can in turn be regressed on age and shell height 
to obtain equations (10b) and (14b).
6 The source of the data is Bolton (1982).
f
The sources of data are Claus and Adler (1970) 
and Epifanio et al. (1976).
survival data for oysters raised in a hatchery, 
although Bolton (1982) makes allowance for a 
20% mortality rate during the cultivation 
period. Because most assumptions in Bolton’s 
experiment proved extremely optimistic, it 
seemed inadvisable to use this overall mortal­
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ity rate as a base of comparison. Further­
more, there was no easy way to infer from 
this overall rate how mortality changes over 
time.
Since hatchery data on which to 
estimate survival rates of oysters or other 
bivalves were unavailable, the best alternative 
to obtain survival rates that are at least in the 
relevant range was to estimate equation (1) 
from data for hard clams planted in protective 
trays in a South Carolina estuary (Eldridge et 
al. 1979). The size of the clams planted was 
larger than bivalves raised in a hatchery, and 
the survival function for smaller bivalves had 
to be extrapolated beyond the limits of the 
data. Initially, one might except this to lead 
to an overestimate of the survival of 
hatchery-sized bivalves. However, the data 
do reflect a less controlled environment than 
found in the hatchery, a factor that may par­
tially offset the effect of size. The estimated 
equation, in log-linear form, is in Table 5; its 
parameters imply a constant mortality rate of 
25.5%. When accumulated on a weekly basis, 
this function leads to over 60% mortality in a 
year’s time, three times that for oysters in 
Bolton’s (1982) prototype hatchery. This 
discrepancy is large, but it is unlikely that 
Bolton anticipated a year-long cultivation 
period. Equation (la) from Table 5 implies 
about a 50% mortality after 18 weeks. This is 
closer to Bolton’s initial assumptions. These 
two extremes are a useful range over which to 
test the sensitivity of the results.
Em pirical Results
A computer program was designed 
that implements the simulation model de­
scribed in detail above. This program was 
designed to be used by the hatchery operator 
to generate information about a batch of bi­
valves at different states of development. In­
put costs and requirements, and bivalve age, 
survival and size are reported at the end of 
each production period and as cumulative 
amounts. Most important, it gives an average 
cost per bivalve at the end of each period to 
give the user information about production 
timing and about the expected revenue from 
bivalve seed sale that might be expected.
Initial Simulations
A partial listing of the printout gen­
erated by the program is in Appendix B. It 
contains information for a batch of oysters 
under base run conditions (run 1). The batch 
is assumed to begin in April and last for 420 
days, or 59 periods. Myers’ (1985) input and 
price data were used to calculate the internal 
cost per unit of algae.14 The data reflect eco­
nomic conditions at the hatchery in 1983. 
The batch contains one million oysters ini­
tially; the survival rate for bivalves is given 
by equation (la), of Table 5; the age-size and 
feed-size relationships are given by equations 
(4) and (10a), respectively. The bivalve 
feeding filtering rate is assumed to be 50%, 
and 12% of the diet is assumed to come from 
algae in circulating sea water in the juvenile 
stage.
The assumptions underlying the base 
run and 11 other simulations are given in 
Table 6. These runs contain numerous com­
binations of the functional relationships de­
scribed earlier in Table 5. The first three 
runs assume the same mortality rates but 
accommodate different ways of estimating the 
physical feed requirements. Runs 1 and 3 
assume feed is directly related to size, 
although in run 2, feed is directly related to 
age. The results of these runs are summarized 
in Table 7.
For the base run, the number of bi­
valves surviving over the duration of the 
batch falls from a million at spawning to an 
estimated 938,000 at the beginning of the 
larval stage. After setting, the estimated 
number is 716,000. If the batch were to re­
main in the hatchery for 420 days (including 
60 days for conditioning the broodstock), the
To facilitate comparisons, all other runs of the model 
are assumed to begin in April and run for 59 periods 
(420 days). The simulation was run over such a long 
duration primarily to test the behavior of the model 
since, due to bivalve size and the cost of feed, it is clear 
that bivalve seed would be sold or transferred to grow- 
out long before this last period was reached. Condi­
tioning takes a month, and the spawning, larvae and 
setting stages were broken into periods of a few days 
each; but once the juvenile stage was reached, periods 
were a constant one week in length. For ease of expo­
sition, much of the discussion in the text focuses on 
monthly intervals or on individual stages.
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Table 6. Description of Parameters for Alternative Simulations Runsa
Survival Age-Size Feed-Size Feed-Age
Simulation Equation Equation Equation Equation
Run 1 
(Base Run)
Run 2 
Run 3 
Run 4 
Run 5 
Run 6 
Run 7 
Run 8 
Run 9 
Run 10 
Run 11 
Run 12
N  = l x  106 
p = -.0255
same as 
run 1
same as 
run 1
N 0 = 1 x 106 
p = -0.214
N = 1 x 106 
p = -0.296
N  -  l x  106 
p = -0.163
N  = l x  106 
p = -0.337
same as 
run 1
same as 
run 1
same as 
run 1
same as 
run 1
same as 
run 1
a  = 0.737 
0 = -0.00252
same as 
run 1
same as 
run 1
same as 
run 1
same as 
run 1
same as 
run 1
same as 
run 1
a = 0.671 
P = -0.00252
a = 0.671 
P = -0.00332
same as 
run 1
same as 
run 1
a = 0.671 
P = -0.00332
5 = -00.631 
7 = 0.0338
N.A.
5 = -1.769 
7 = 0.0416
same as 
run 1
same as 
run 1
same as 
run 1
same as 
run 1
same as 
run 1
same as 
run 1
S = -0.631 
7 = 0.412
S = -0.631 
7 = 0.486
S = -0.631 
7 = 0.486
N.A.
£ = -0.331 
ij = 0.345
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
a
See Table 5 and equations (1), (4), (10) and (15) in the text for parameter definitions and estimated relationships.
number of animals surviving would be 
approximately 357,000.
The estimated average size of the bi­
valves ranges from just under 2 mm after the 
setting stage to just over 33 mm at the end of 
the simulation. As the batch progresses 
through time, the additional cost of feeding 
larger bivalves is partially offset by declining
numbers. Because the feed cost per surviving 
bivalve includes the accumulated costs of 
feeding those that did not survive, the costs 
rise rather rapidly throughout the batch. At 
the end of period 18 (about 100 days), the 
feed cost per animal is still less than one cent, 
but i f  left in the hatchery through the 59th 
period, feed costs would average more than a 
dollar per surviving bivalve.
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Table 7. Summary of Simulation Output for Initial Runs
Cumulative Animals Average Cumulative Cost oer Bivalve
Days to 
End of
Sur- Size Run l b Run 2 Run 3
Period3, Stage viving of Animal (Base) (Proportion
Period (thousands) (mm) ($) of Run 1)
6 Setting 49 716 1.98 C 0.98 8.77
10 Juvenile 77 594 4.84 C 0.97 5.72
14 Juvenile 105 534 7.61 0.003 0.98 4.29
18 Juvenile 133 495 10.30 0.009 0.99 3.59
22 Juvenile 161 467 12.91 0.022 1.01 3.16
26 Juvenile 189 446 15.44 0.045 1.04 2.86
30 Juvenile 217 429 17.89 0.082 1.06 2.63
34 Juvenile 245 414 20.26 0.137 1.09 2.46
38 Juvenile 273 402 22.55 0.214 1.12 2.31
42 Juvenile 301 391 24.76 0.316 1.16 2.20
46 Juvenile 329 382 26.88 0.449 1.19 2.10
50 Juvenile 357 373 28.93 0.616 1.23 2.01
54 Juvenile 385 366 30.90 0.822 1.27 1.94
59 Juvenile 420 357 33.24 1.144 1.32 1.86
aPeriod 6 is through setting (about 50 days including adult conditioning, spawning and larval stages); the 
remaining periods are a week in length.
^See Table 6 for assumptions about runs.
CLess than 0.001.
Data for the other runs in Table 7 run the differential is most extreme in the
suggest that these results can be quite sensi­
tive to the assumptions made regarding the 
feed equations. In the base run, feed re­
quirements are related directly to the size of 
the animal, whereas in run 2 it is assumed 
that feed requirements are determined by 
equation (14a) relating feed directly to age. 
Assuming the same survival rates, this alter­
native way of calculating feed leads to a 
slightly lower estimate of feed cost per sur­
viving animal through period 18, but then 
cost rises to 1.3 times that of the base run by 
period 59. The feed relationships in these 
two runs were estimated from the same basic 
data; despite these differences, the results are 
quite consistent.
The cumulative costs from run 3 are 
in sharp contrast to those for runs 1 and 2. 
In this latter run, costs are consistently higher 
than in the base case, and within the same
early periods. This result is somewhat sur­
prising, given that the production elasticity 
for algae is higher in runs 3, 4 and 6 than in 
the base run. However, the intercepts on the 
size or age axes of the production function 
are lower than for the base run. Thus, even 
though the percentage gain in size is larger 
for each one-percent change in algae con­
sumption, absolute feed requirements to raise 
these oysters to any size over the duration of 
the batch remains higher than in the base run.
The implications of this result lie in 
the importance of measuring feed require­
ments accurately in early stages of the growth 
process. That is, i f  one were to look only at a 
single animal, the tendency would be to con­
clude that feed costs would be relatively un­
important compared to costs for older ani­
mals. However, because the number of ani­
mals falls throughout the process, costs (due
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to what appear to be minor cost differences in 
early periods) accumulate rapidly as more 
animals die and as total costs are averaged 
over fewer survivors. Thus, reliabile esti­
mates for both feed costs at different points 
in the growth process and the number of 
animals surviving are more critical in esti­
mating costs for raising bivalves than for 
larger animals (e.g., cattle or other livestock) 
with much lower mortality rates.
A Digression on Algae Production
The primary focus of the analysis so 
far has been on the costs of feeding a batch 
of bivalves and the effect of survival and 
feeding ratios on costs. However, it is evi­
dent (Table 8) that cumulative algae con­
sumption in runs 2 and 3 is a smaller multiple 
of the base run consumption than it is for 
cost in early periods and is a larger multiple
in later periods. The primary reason for this 
is that feed costs for bivalves are also a func­
tion of the implicit price or cost of algae that 
is raised for feed. The program uses algo­
rithms from Myers (1985) to calculate the 
price of algae, which are assumed to be con­
stant in any month but which can vary by 
month because of seasonal differences.
The "algae price" algorithm assumes 
that algae are produced in a batch process, 
which is divided into 6 stages covering about 
6 to 7 weeks. During the first four stages, 
most of the algae are needed to innoculate the 
subsequent stage. Thus, the net production of 
algae available is negligible until the tertiary 
stage (about 6 weeks). Up to this point the 
algae are grown in well water and the batch is 
quite pure, thus making it ideal for feeding to 
bivalves at the larval and set stages. These 
tertiary algae tanks are located (in the study’s 
hatchery) adjacent to the larval tanks, which
Table 8. Algae Consumption for Selected Simulations
_____ Cumulative Algae Consumption____
Run 1 Run 2______ Run 3
Period3 (Base Case)
(10 bil. cells) (Proportion of Run 1)
Ratio of 
Cost to Algae 
Consumption 
Run 2 Run 3
6 48 0.98 8.05 1.00 1.09
10 580 0.97 4.79 1.00 1.19
14 2,153 0.98 3.68 1.00 1.17
18 5,067 1.01 3.10 1.00 1.16
22 9,513 1.04 2.73 0.97 1.16
26 15,603 1.07 2.47 0.97 1.16
30 23,382 1.11 2.27 0.95 1.16
34 32,846 1.15 2.12 0.95 1.16
38 43,947 1.20 2.00 0.93 1.16
42 56,605 1.25 1.89 0.93 1.16
46 70,711 1.30 1.81 0.92 1.16
50 86,133 1.36 1.74 0.90 1.16
54 102,720 1.42 1.67 0.89 1.16
59 124,850 1.50 1.61 0.88 1.16
aSee Table 7. 
bSee Table 7.
CRatio of column 7 (Table 7) to column 3 (Table 8) and column 8 (Table 7) to column 4 (Table 8), respectively.
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helps keep the costs of moving algae around 
the hatchery to a minimum. There are an es­
timated 9,650 litres of algae available at the 
tertiary stage, most of which is fed to the lar­
vae and animals at set. Some of the tertiary 
algae is also used to innoculate a solar stage to 
which seawater, rather than well water, has 
been added, thus making it unusable for the 
sensitive larvae. After another week or two, 
there are an estimated 67,000 litres of algae 
available to feed juvenile bivalves. Because 
the cost per cell of algae in the solar stage is 
about 25% of that in the tertiary stage, it is 
not surprising that in the early periods feed 
cost is higher relative to algae consumption 
than it is in later periods (Table 8).
A further explanation for the behavior 
of costs relative to algae consumption lies in a 
slightly higher algae cost estimate in the 
summer months because of the air condition­
ing required to maintain cool temperatures 
suitable for algae production. For example, 
assuming the batch is started in April, about
82% of the cost of algae in the solar stage is 
due to labor, 5% to materials and 13% to 
electricity, much of which is used for cooling. 
Thus, as the bivalve production moves into 
autumn, cooling requirements are reduced and 
production costs fall by as much as 3% rela­
tive to a batch available in July.
Implications of Different Survival Rates
The accuracy of hatchery cost esti­
mates derived by this analysis depends on the 
number of animals surviving at any stage. To 
test the sensitivity of these results, the sur­
vival parameter was changed by plus and mi­
nus one and two standard derivatives from the 
least squares estimate of equation (1). A  de­
crease in the absolute value of the parameter, 
as in runs 4 and 6, implies a lower mortality 
rate, whereas an increase in its absolute value 
leads to higher mortality (runs 5 and 7).
The results of these sensitivity tests 
are summarized in Table 9. The change in
Table 9. Summary of Simulations to Test Sensitivity of Survival Parameter
Period3, Number of Bivalves Survivine Total Feed Cost Cumulative Feed Cost Per Bivalve
Run Run Run
b4 5 6 7 
(Proportion of Run 1)
4 5 6 7 
(Proportion of Run 1)
4 5 6 7 
(Proportion of Run 1)
6 1.06 0.95 1.13 0.89 1.05 0.96 1.11 0.91 0.99 1.01 0.98 1.02
10 1.09 0.92 1.21 0.85 1.08 0.93 1.18 0.87 0.99 1.01 0.97 1.02
14 1.11 0.90 1.25 0.82 1.10 0.91 1.23 0.84 0.99 1.01 0.98 1.02
18 1.12 0.89 1.29 0.80 1.11 0.90 1.26 0.82 0.99 1.01 0.98 1.02
22 1.13 0.89 1.32 0.78 1.12 0.90 1.29 0.80 0.99 1.01 0.98 1.02
26 1.14 0.88 1.34 0.77 1.13 0.89 1.31 0.79 0.99 1.01 0.98 1.02
30 1.15 0.87 1.36 0.76 1.13 0.88 1.33 0.78 0.99 1.01 0.98 1.02
34 1.15 0.87 1.38 0.75 1.13 0.88 1.34 0.77 0.99 1.01 0.98 1.02
38 1.16 0.86 1.39 0.75 1.14 0.87 1.36 0.76 0.99 1.01 0.98 1.02
42 1.16 0.86 1.40 0.74 1.15 0.87 1.37 0.76 0.99 1.01 0.98 1.02
46 1.17 0.86 1.42 0.73 1.15 0.87 1.38 0.75 0.99 1.01 0.97 1.02
50 1.17 0.85 1.43 0.73 1.15 0.86 1.39 0.75 0.99 1.01 0.97 1.02
54 1.18 0.85 1.44 0.72 1.16 0.86 1.40 0.74 0.99 1.01 0.97 1.02
59 1.18 0.85 1.45 0.72 1.16 0.86 1.41 0.74 0.99 1.01 0.97 1.03
aSee Table 7 for explanation of periods. 
^See Table 6 for assumptions about runs.
3 2
the number of surviving bivalves is pre­
dictable directly from the parameter changes. 
Because of the form of the survival function, 
mortality is assumed to occur at a compound 
rate. Thus, for increases in mortality, the 
proportion of bivalves surviving, relative to 
changes in the base run, falls as the batch 
moves to later stages. Total feed costs 
(relative to the base run) fall as well, but not 
quite so fast. Exactly the opposite is true 
when mortality rates are reduced.
Perhaps the most important result 
from this analysis is that despite significant 
differences in the number of surviving ani­
mals (from 0.72 to 1.5 times the base run), 
cumulative costs per bivalve are never any 
more than plus or minus 3% of the base run 
costs. The important implication of this result 
for hatchery owners is that relatively accurate 
estimates of per-unit variable costs can be 
made somewhat independently of good esti­
mates of survival. This is critical in compar­
ing per-unit costs to the potential price of 
seed to determine when to sell.
Sensitivity of the Relationship of Age and 
Feed to Size
Although the average cost per bivalve 
is relatively insensitive to the assumptions 
made about survival rates, the results of the 
initial simulations suggest that this is not the 
case for the relationships between age and 
size and between feed and size. The impor­
tance of these relationships is perhaps best 
understood by systematically changing the 
parameters of equations (4) and (10a), as­
suming the other assumptions in run 1 are 
constant. The results of this experimentation 
are summarized in Table 10.
To begin the analysis, the coefficient 
on the linear term was changed by plus and 
minus one and two standard deviations. It 
was readily apparent that although the change
Table 10. Sensitivity of Simulation Results to the Age-Size and Feed-Size Relationships
Perioda Runb
8
Average Size of Bivalve Cumulative Feed Cost oer Bivalve'
Run
12
Run
9
Run
10
Run
11
Run
12
Run
8
Run
9
Run
10
Run
11
(Proportion of Run 1) (Proportion of Run 1)
6 0.91 0.91 1.00 1.00 0.91 0.76 0.75 0.58 0.40 0.33
10 0.91 0.90 1.00 1.00 0.90 0.75 0.74 0.38 0.20 0.17
14 0.91 0.90 1.00 1.00 0.90 0.75 0.73 0.29 0.13 0.10
18 0.91 0.89 1.00 1.00 0.89 0.75 0.72 0.25 0.09 0.07
22 0.90 0.88 1.00 1.00 0.88 0.75 0.71 0.22 0.08 0.06
26 0.90 0.88 1.00 1.00 0.88 0.74 0.70 0.20 0.06 0.05
30 0.90 0.87 1.00 1.00 0.87 0.74 0.69 0.18 0.06 0.04
34 0.90 0.86 1.00 1.00 0.86 0.74 0.67 0.17 0.05 0.04
38 0.90 0.86 1.00 1.00 0.86 0.74 0.66 0.16 0.05 0.03
42 0.90 0.85 1.00 1.00 0.85 0.73 0.65 0.15 0.04 0.03
46 0.90 0.84 1.00 1.00 0.84 0.73 0.64 0.15 0.04 0.03
50 0.89 0.83 1.00 1.00 0.83 0.73 0.63 0.14 0.04 0.03
54 0.89 0.83 1.00 1.00 0.83 0.72 0.61 0.14 0.03 0.02
59 0.89 0.82 1.00 1.00 0.82 0.72 0.60 0.13 0.03 0.02
aSee Table 7 for explanation of periods. 
bSee Table 6 for assumptions about runs.
CTotal feed costs as a proportion of those in run 1 are the same as the feed costs per bivalve.
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in feed costs was more dramatic than the 
change in bivalve size, both remained about 
proportional to the change in the parameter, 
a. Thus, only one of these runs, where a is 
reduced by two standard deviations, is re­
ported (run 8). This change reduced the 
estimated size by about 90% of the base run 
size while reducing feed costs to between 72 
to 76% of base run costs.
The next step in the analysis was to 
change the coefficient on the t2 term in equa­
tion (4). In run 9, the coefficient on the lin­
ear term was the same as in run 11, but the 
absolute value of the coefficient on the 
squared term was increased by two standard 
deviations. The effect of this change on both 
size and feed costs was minimal in the early 
stages that would be most relevant to a 
hatchery producing seed to be sold or trans­
ferred to growout facilities. At later stages, 
the effect of this parameter change becomes 
increasingly important.
The most significant results from 
Table 10, however, seem to be the large re­
ductions in feed costs due to an increase in 
the production elasticity of algae in equation 
(10a). By raising the production elasticity to 
one standard deviation above its original level, 
costs fall to just under 60% of the base run 
(run 10) in period 6 and to 13% by the end of 
the simulation. Increasing the production 
elasticity by an additional one standard devi­
ation leads to further, but not quite so dra­
matic, cost reductions (run 11).
Preliminary Observations about Total Costs of 
Production
Because data were unavailable from 
the hatchery on other aspects of the produc­
tion of oyster seed, it was impossible to im­
plement all parts of the simulation model and 
estimate costs other than feed costs. How­
ever, at least two previous studies contain es­
timates of the proportion of total costs ac­
counted for by algae feed. On the basis of 
these estimates, it is possible to make some 
preliminary observations about total produc­
tion costs and thus about when during the 
batch costs will exceed the price that a 
hatchery operator might receive for the seed.
As reported in Table 4, Im et al. 
(1976) estimate that algae feed costs are about 
one-third of total production costs; Bolton 
(1982) reports estimates ranging from 15 to 
85% of total costs. Feed costs, as a percent­
age of total costs, probably increase with age. 
However, the nature of this relationship is not 
known; so to obtain some idea of what this 
wide range in estimates implies for the simu­
lation results above, two kinds of sensitivity 
analysis were conducted. The first was to 
assume that feed costs are a constant fraction 
of total costs (first three panels of Table 11). 
By assuming feed costs are 33, 59 and 85% of 
total costs, one is able to reflect all but the 
low range of Bolton’s estimates. It was be­
lieved that this low end of the range would 
apply only to very young bivalves. To reflect 
increasing relative feed costs, the last two 
panels in the table assume that costs rise lin­
early from 15 to 85% of feed costs from pe­
riod 1 through 59 and period 1 through 30, 
respectively.
These sensitivity results have impor­
tant implications for marketing bivalve seed 
in that Matthiessen and Smith (1979) argued 
that oyster seed (2 to 3 mm in size) could be 
purchased at from $2.00 to $5.00 per thou­
sand. Assuming these prices, base run condi­
tions and feed costs at 33% of total, seed 
would have to be sold prior to the 11th period 
(5.5 mm shell height) to cover costs if  the 
price were $2.00 per thousand, and before the 
13th period (6.9 mm shell height) if  the price 
were to be $5.00 per thousand. This "window 
of opportunity" would occur much earlier 
(periods 5 and 6) under the most costly 
conditions (run 3), but only slightly later 
(periods 14 and 17) for the least cost scenario 
(run 10).15
These results are remarkably consis­
tent, given the wide range of parameters in 
the age-size and size-feed relationship re­
flected in these runs. The "marketing win-
15 Since this is a "batch process" and per bivalve feed 
costs are relatively insensitive to survival rates, it’s un­
likely that these marketing opportunities would change 
much if different survival rates were assumed. This 
does not mean, however, that survival rates are unim­
portant in terms of the overall profitability of the 
batch.
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Table 11. Alternative Estimates of Total Cumulative Costs of Production ($ Per Oyster)
Perioda Run l*3 Run 2 Run 3 Run 8 Run 9 Run 10
33.3%C
6 d d 0.009 d d d
10 0.001 0.001 0.061 0.001 0.001 0.001
14 0.008 0.008 0.275 0.006 0.006 0.002
18 0.026 0.026 0.808 0.020 0.019 0.006
22 0.065 0.066 1.845 0.049 0.046 0.014
26 0.135 0.140 3.584 0.100 0.094 0.027
30 0.247 0.262 6.247 0.183 0.169 0.045
(0.002)® 11 11 5 12 12 14
(0.005) 13 13 6 14 14 17
(0.010) 15 15 7 16 13 21
59%c
6 d d 0.005 d d d
10 0.001 0.001 0.034 0.001 0.001 c
14 0.004 0.004 0.155 0.003 0.003 0.001
18 0.015 0.015 0.456 0.011 0.011 0.004
22 0.037 0.037 1.041 0.027 0.026 0.008
26 0.076 0.079 2.022 0.057 0.053 0.015
30 0.139 0.148 3.526 0.103 0.095 0.025
(0.002)® 12 13 6 13 13 16
(0.005) 15 15 6 16 16 20
(0.010) 17 17 8 18 18 24
85%c
6 d d 0.004 d d d
10 0.001 0.001 0.024 d d d
14 0.003 0.003 0.108 0.002 0.002 0.001
18 0.010 0.010 0.317 0.008 0.007 0.003
22 0.026 0.026 0.722 0.019 0.018 0.006
26 0.045 0.055 1.404 0.039 0.037 0.010
30 0.097 0.103 2.448 0.072 0.067 0.018
(0.002)® 13 13 6 14 14 18
(0.005) 16 16 7 17 17 22
(0.010) 18 18 9 20 20 26
15-85%
6 d d 0.015 d d d
10 0.002 0.002 0.078 0.001 0.001 0.001
14 0.008 0.008 0.298 0.006 0.006 0.002
18 0.024 0.024 0.758 0.018 0.018 0.006
22 0.054 0.054 1.522 0.040 0.038 0.012
26 0.100 0.103 2.642 0.074 0.070 0.020
30 0.164 0.174 4.161 0.122 0.112 0.030
(0.002)® 11 11 5 11 11 14
(0.005) 13 13 5 14 14 18
(0.010) 15 15 6 16 16 21
15-85%C
6 d d 0.011 d d d
10 0.001 0.001 0.055 0.001 0.001 d
14 0.006 0.005 0.197 0.004 0.004 0.002
18 0.016 0.015 0.480 0.012 0.011 0.004
22 0.033 0.033 0.935 0.025 0.023 0.007
26 0.060 0.062 1.584 0.044 0.041 0.012
30 0.100 0.103 2.448 0.072 0.066 0.018
(0.002)® 12 12 5 12 12 15
(0.005) 14 14 6 15 15 20
(0.010) 17 17 6 18 18 25
aSee Table 7 for explanation of periods.
^See Table 6 for assumptions about runs.
CThese are the percentages that feed costs are assumed to be of total cost. In the last two panels, costs are assumed to increase 
linearly from 15 to 85% of feed cost from periods 1 through 30 and periods 1 through 59, respectively.
^Less than 0.0005.
eActual period during which costs reach $0,002, $0,005 and $0,010, respectively, per bivalve.
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dow" is extended by only 2 or 3 weeks if  feed 
costs actually turn out to be 85% rather than 
33% of total production costs or if feed costs 
are assumed to rise to 85% of total costs over 
30 rather than 59 periods. A  doubling of the 
price (from $0,005 to $0.01 would extend the 
marketing period by only an additional 2 to 3 
weeks as well.16
It is also important to recognize that 
during these "break-even" marketing periods, 
it is estimated that the size of the seed is 
much larger than the 2 to 3 mm on which the 
prices are based. This implies that the 
hatchery owners may be in an advantageous 
bargaining position to sell seed that meets the 
size requirements earlier, thus reducing costs, 
or by asking for a higher price for larger 
seed, with its higher survival rates during 
growout.
V I  - S U M M A R Y  A N D  C O N C L U S I O N S
The bivalve aquacultural industry in 
the northeastern United States has been 
strengthened in recent years by declining and 
fluctuating natural harvests in the surrounding 
coastal region. The hatchery industry, in 
which the bivalves are grown only to a small 
seed size, has gained acceptance as an impor­
tant link in the aquacultural process; the firms 
in the industry are potentially able to provide 
a consistent, reliable source of seed with 
which the bivalve aquaculturist begins the 
production process. They have also gained 
acceptance as a seed supplier to local govern­
ments, who artificially seed depleted natural 
bivalve beds with the seed purchased from 
hatcheries. Hatcheries as an industry are 
likely to play a larger role in the overall pro­
duction of bivalves if  they can overcome 
some of the technical and economic problems 
with which they must contend.
The techniques involved in the pro­
duction of bivalve seed in hatcheries have 
evolved only recently, yet are technically so­
phisticated compared to other open-water 
aquacultural techniques. The production pro­
This price was included because there has undoubtedly 
been an increase in the price of seed between that re­
ported by Matthiessen and Smith (1979) and 1982, the 
year for which the algae cost data apply.
cesses differ, but each requires a precise se­
quence of steps under carefully-controlled 
and -monitored environmental conditions. 
Mature adult clams or oysters taken from 
hatchery-maintained broodstock are induced 
to spawn. The gametes are transferred into 
large, conical larvae tanks where they freely 
circulate in warm, algae-rich seawater. The 
concentrated algae used for feed are grown in 
the hatchery or taken from seawater. After 
several weeks, the bivalves undergo a meta­
morphosis where they change from free- 
swimming larvae to bottom-dwelling spat. 
Prior to this time, the animals are transferred 
to set tanks where they are induced to attach 
to culch - - a  material purchased or produced 
in the hatchery generally from crushed bi­
valve shell. Once the animals have passed 
through the delicate setting period, they are 
transferred to the juvenile tanks where they 
can be exposed to large quantities of algae 
and seawater. The animals remain in these 
tanks until they reach a suitable size for 
transfer to open-waters.
There are a number of production 
options available to the hatcherist, the most 
apparent being the design of the production 
system and the source of inputs. The algae 
production method is the greatest cause of 
variations affecting cost among hatcheries. 
These methods include the centrifuging of 
algae cells from seawater, continuous culture 
methods, or a batch process in which 
production is separated into distinct stages. 
The type of culch used and the number of 
animals produced as culched or culchless 
(attached or non-attached to the culch) also 
differ among hatcheries. The hatcherist has a 
great deal of discretion regarding the
optimum survival rate of the animals in 
relation to the quantity and quality of inputs 
used. Finally, and most central to this 
research, is the choice of when to sell seed.
Despite the growth of the industry and 
advancements in the technical processes of 
hatcheries, little is known about the eco­
nomics of the hatchery. There have been 
several important studies on this aspect of 
hatcheries (Im, et al., 1976 and by Im and 
Langmo, 1977). These and other studies fail 
to pay sufficient attention to the wide varia­
tion that exists among hatcheries and to break
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cost down by period of the animal’s life. Es­
timates of cost by period are essential to de­
termine the optimal time {viz. size) at which 
to sell the seed, inasmuch as the optimal sell­
ing age is at the point where marginal cost is 
equal to the price that could potentially be 
received.
The purpose of this research is to con­
tribute to the existing body of knowledge 
about the hatchery industry by examining the 
factors that influence production costs. The 
research is partly based on observations of a 
working hatchery located in the northeast and 
on current literature, with particular attention 
paid to the variations that exist among 
hatcheries. The data collected were used to 
develop the framework for a computer pro­
gram that could estimate variable production 
costs. The program routine was intended to 
enable the individual hatcherist to determine 
the optimal size at which to sell the bivalve 
seed.
Creation of this program required the 
development of an algorithm that simulates 
the production process. The model sums costs 
at different stages of animal growth, which 
are further broken down into smaller units of 
time. In this way a cost can be computed at 
any given point in the animals’ lives. The 
cost incurred during any given period of time 
is a function of the quantity of inputs used 
and their prices. Thus, the major component 
of the model was designed to determine the 
quantity of inputs used and the cost incurred 
during any given period.
There was sufficient information 
available from the literature and hatchery 
observations to simulate the overall production 
system. Unfortunately, records concerning 
the expenditures did not distinguish between 
hatchery and open-water field operations nor 
did they break costs down by stage. Conse­
quently, data were not available to allow for 
all aspects of the model to be completed in 
detail. Data on the batch algae production 
process used by the hatchery were, however, 
more readily isolated from the rest of the 
hatchery because of the physical separation of 
the two systems in the hatchery. Thus, the 
focus of the empirical analysis was on the es­
timation of costs of algae production and is
justified since feeding costs are recognized as 
a large proportion of total costs.
The FORTRAN computer program 
that is based on the model focuses on the cost 
of producing algae feed, but as more details 
become available about other hatchery pro­
duction processes it would be a simple matter 
to incorporate them into the existing 
FORTRAN code. The computer program 
calculates the cost, or internal price of algae 
to the hatchery, and then combines this infor­
mation with survival and growth rates and 
feeding efficiencies to determine total (and 
per unit) feeding costs to raise a batch of bi­
valves to various sizes. The algorithms are 
used to examine the sensitivity of the algae 
production parameters and to the parameters 
of the bivalve growth, survival and feeding 
relationships.
The model is applied to raising A t­
lantic Oyster seed, using data on algae pro­
duction from the hatchery and data on 
survival rates, feeding efficiency and growth 
rates available from the literature. Twelve 
initial simulations were made. The output 
from each contained a summary of input 
prices and requirements and costs for bivalves 
at different periods throughout the production 
process, along with the age, size and number 
of bivalves and the total and average costs per 
bivalve.
The 12 simulations reflect a range of 
assumptions about survival rates, growth rates 
and algae feeding rates. In the base run, feed 
requirements are related directly to animal 
size. The feed cost per surviving bivalve re­
mains less than one cent up to 100 days but 
rises rapidly thereafter. In a second run, 
based on the same data to relate feed directly 
to age, feed cost remains lower for the first 
100 days, but then rises to 1.3 times the base 
run.
As might be expected, the feed costs 
per bivalve are extremely sensitive to the pa­
rameters of the feeding relationships and to 
the age-size relationship. This is not particu­
larly encouraging because there seem to be 
few sources of data in the literature from 
which to estimate these relationships. The 
one encouraging thing is that feed costs are
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less sensitive to these parameters for very 
young bivalves than for older ones, and it is 
the young bivalve that is of most interest to a 
hatchery. Another important result is that for 
wide differences in the numbers of animals 
surviving, the feed cost per surviving animal 
(including the accumulated cost of feeding 
those that did not survive) varied by no more 
than plus or minus 3%. Having good esti­
mates of feed costs per animal in the face of 
considerable uncertainty about survival rates 
may well facilitate planning when to sell the 
bivalve seed or transfer them for growout.
To explore the implications of these 
feed cost simulations for the marketing of bi­
valve seed, some rough estimates of total costs 
of production per bivalve were developed on 
the basis of others’ estimates of the proportion 
that feed costs are of total costs. Total costs 
were estimated for several simulations 
assuming feed costs were 1) one-third, 2) 
nearly 60%, 3) 85% of total costs, and 4) a 
linear function of total costs starting at 15% 
and rising to 85% by the end of the produc­
tion period. While the time period at which 
price just covered costs differed significantly 
over the scenarios, within a given scenario the 
"break-even" marketing periods varied only 
by a week or two in spite of diverse as­
sumptions about the fraction feed costs are of 
total costs.
In conclusion, this research demon­
strates that it is possible and practical to esti­
mate algae and feeding costs for a seed pro­
ducing bivalve hatchery using a computer 
program to simulate the production system. 
The most optimistic assumptions suggest that 
bivalve seed can be produced and marketed 
profitably. These conclusions must be quali­
fied by the fact that sufficient data were not 
available from the hatchery under study to 
estimate all components of total cost. Collec­
tion of these types of data would help in 
further testing of the algorithm as well as 
contributing to an. overall understanding of 
hatchery costs at each stage of production. 
Equally important from a research perspective 
is the need for better data on hatchery sur­
vival rates and the size-age and feeding rates. 
What data do exist in the literature on which 
to estimate these rates lead to quite different 
implications for feed costs, and none of the
existing data sets contains more than a few 
observations. Thus, in the absence of more 
extensive research data on which to estimate 
these important physical relationships, anyone 
attempting to use this kind of software for 
management decisions is well advised to use 
information that is specific to a particular 
hatchery.
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APPENDIX B
This appendix contains the data used in the base run of the simulation model and 
the output for the base run. A ll or portions of this information is printed at the user’s 
request. However, what appears in the following pages is an edited version of what is 
actually printed by the program. Data were not available to estimate all component costs 
of bivalve seed. Thus, to save space, only that information pertaining to algae and total 
feed costs is reported. In addition, the algae price computations are reported only for 
one month, although algae cost differences by month are reflected in the bivalve feed 
costs reported in subsequent sections of the output.
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